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PREFACE 

The  First  International  Symposium  on  the  State  of  the  Art  of  Pavement  Response 
Monitoring  Systems  for  Roads  and  Airfields  was  held  at  the  Cold  Regions  Research  and 
Engineering  Laboratory  in  Hanover,  New  Hampshire,  U.S.A.,  in  March  1989. 

The  theme  of  this  symposium  was  the  current  state  of  the  art  of  instrumentation  of 
pavement  structures  subjected  to  varying  thermal  and  moisture  regimes. 

The  symposium  was  divided  into  nine  sessions.  With  the  exception  of  the  first  and 
last,  each  session  was  devoted  to  a  particular  measurement.  These  measurements  in¬ 
cluded  moisture  content,  temperature  and  load  deformation.  One  session  was  devoted  to 
nondestructive  testing  in  cold  regions.  The  last  session  was  devoted  to  past  and  current 
field  instrumentation  studies.  The  interest  shown  in  this  symposium  clearly  demon¬ 
strates  the  importance  attached  to  instrumentation  of  pavement  structures  by  the  pave¬ 
ment  engineering  profession  all  over  the  world. 

A  subcommittee  was  formed  at  this  meeting  to  discuss  the  need  for  future  conferences 
on  this  topic.  The  committee  agreed  that  meetings  should  be  held  every  two  years.  The 
Second  Intt  (-national  Conference  on  Pavement  Instrumentation  is  thus  being  planned  for 
the  Fall  of  1991. 

We  wish  to  thank  the  invited  speakers  and  participants  for  making  this  symposium  a 
success.  We  also  thank  all  the  many  CRREL  personnel,  and  Sidney  Gerard  of  Science  and 
Technology  Corporation,  who  helped  support  this  effort. 

Vincent  Janoo 
Robert  Eaton 
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ABSTRACT 

Pavement  Instrumentation,  although 
proven  to  be  of  great  benefit  in  under¬ 
standing  pavement  response  and  in  set¬ 
ting  design  criteria,  has  not  been  ap¬ 
plied  routinely.  There  may  be  several 
reasons  for  the  infrequent  use  of  in¬ 
strumentation.  For  example,  early 
instrumentation  was  difficult  to  install 
and  sensitive  to  installation  and  use. 
The  failure  rate  required  significant 
redundancy.  Installation,  maintenance, 
data  collection  and  data  reduction  were 
expensive.  Therefore,  benefits  compared 
to  costs  were  considered  marginal. 
Analytical  methods  were  considered  in 
many  cases  adequate  to  estimate  pavement 
responses  due  to  the  effects  of  load, 
climate  and  materials,  etc.  In  a  number 
of  cases^the  problems  of  data  reduction 
and  analysis  overwhelmed  researchers. 
As  a  result,  manual  techniques  were 
often  relied  upon  to  obtain  results. 
These  data  often  have  been  filed  without, 
complete  analysis. 

Starting  in  about  1985  several  U.S. 
Highways  agencies  initiated  research 
projects  with  pavement  instrumentation. 
These  projects  included  modern  instru¬ 
mentation  and  data  acquisition  systems. 
More  importantly  there  was  an  awareness 
of  a  need  for  planning  and  commitment  to 
develop  the  software  for  data  reduction 
and  anal  vs  is.  The  instrumentation 
utilized  has  proven  to  be  more  reliable 
and  standard  software  ■~nn  mitigate  the 
data  reduction  and  analysis  effort. 


Limited  pavement  response  data  are 
showing  significant  results.  A  better 
understanding  is  being  gained  as  to  the 
type  of  pavement  response  that  can  be 
expected  which  can  have  an  impact  on 
design . 

INTRODUCTION 

There  are  several  significant 
benefits  that  can  result  from  the  use  of 
instrumentation  data  in  developing 
design  procedures.  Perhaps  the  most 
impor*'.1nt  is  better  understanding  of  the 
response  phenomenon  of  pavement  sys¬ 
tems.  Existing  analytical  procedures 
have  proven  to  be  beneficial  in  interpo¬ 
lating  and  in  some  cases  extrapolating 
pavement  response  and  materials  proper¬ 
ties  for  design  and  evaluation.  However, 
enough  data  on  pavement  response  mecha¬ 
nisms  exist  for  researchers  to  know  that 
the  existing  analytical  models  do  not. 
adequately  represent  many  of  the  subtle¬ 
ties  of  pavement  response  phenomenon. 
These  subtle  phenomenon  represent  the 
true  opportunity  to  understanding  pave¬ 
ment  mechanics  and  therefore  pavement 
design  and  performance. 

In  addition  to  better  understanding 
pavement  mechanics,  pavement  response 
data  represents  an  opportunity  to  vali¬ 
date  analytical  models  as  well  as  to 
calibrate  model  response  variables.  The 
validation  and  calibration  process  must 
include  adequate  instrumentation  data  to 
reflect  the  possible  distribution  of  the 
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magnitude  of  response  variables  (i.e. 
deflection,  strain,  etc.)  Use  of  unique 
values  of  response  variables  to  set 
design  criteria  is  not  realistic.  It  is 
only  through  use  of  response  variable 
distributions  that  satisfactory  design 
criteria  can  be  set.  A  reasonably  broad 
based  pavement  instrumentation  data  set 
is  needed  to  define  the  response  varia- 
ble  distributions.  With  such  a  data  set 
design  criteria  can  be  adopted  for  a 
desired  reliability  level. 

There  is  a  need  to  continue  the 
current  interest  in  pavement  instrumen¬ 
tation.  Involvement  of  staff  at  all 
levels  of  an  organization  will  insure 
acceptance  and  support  for  needed  tech¬ 
nology  to  better  design  and  manage  large 
pavement  systems.  Technology  will  be 
relied  on  increasingly  as  a  result  of 
reduced  staff  and  resources  while  the 
workload  and  demand  for  resources  in¬ 
creases.  The  technology  that  can  be 
utilized  today  for  data  collection  is  at 
the  point  of  being  a  tool  for  the  pave¬ 
ment  engineer  to  apply  rather  than  a 
discipline  to  be  learned. 

Pavement  Instrumentation  Guidelines 

Guidelines  for  pavement  instrumen¬ 
tation  were  prepared  by  White  (1)  as 
part  of  an  assessment  of  instrumentation 
experience  within  agencies  responsible 
for  pavements.  The  assessment  was  con¬ 
ducted  to  support  planning  for  the 
Strategic  Highway  Research  Program 
(SHRP)  as  well  as  planning  for  a  Federal 
Highway  Administration  (FHWA)  experimen¬ 
tal  demonstration  project  on  pavement 
instrumentation.  The  assessment  con¬ 
trasted  observational  and  physical 
response  data  that  could  be  measured  by 
instrumentat ion . 

Understanding  long  term  pavement 
performance  (LTPP)  is  a  primary  compo¬ 
nent  of  the  SHRP  program.  Results  of  the 
study  are  to  be  nationally  relevant. 
Experimental  designs  have  been  developed 
for  the  major  performance  factors  for 
various  *”pes  of  pavement(  i.e.  sub¬ 
grade,  pavement  type,  thickness,  cli¬ 
mate,  traffic,  etc).  The  experimental 
design  is  primarily  directed  toward 
making  measurements  and  observations  on 
in-service  pavements.  Once  the  data  is 
collected  the  significance  of  the  fac¬ 
tors  as  well  as  the  interactions  among 
factors  can  be  examined.  With  the  sig¬ 
nificance  of  data  established  equations 


can  be  developed  as  predictive  design 
equations  or  as  distress  calibration 
functions  for  empirical-mechanistic 
design  procedures. 

In  addition  to  the  observational 
data,  consideration  was  given  to  the 
benefit  of  specific  pavement  response 
data.  Physical  response  data  provides  a 
direct  measure  for  a  number  of  factors 
influencing  pavement  performance.  Table 

1  lists  candidate  pavement,  phvsical 
response . 

Table  1  Potential  Pavement  Response  Data 

“  Load  Induced 

-  Deflections  and  Deformations 

-  Strains 

-  Stresses 

-  Pore  Pressures 

"  Environmental  Effects 

-  Temperature 

-  Frost  Penetration 

-  Moisture 

Other 

-Densi ty 

-  Volume  of  Water  (Subdrainage) 

-  Material  Changes 

A  number  of  studies  are  possible 
based  on  the  above  type  of  data.  For 
example,  studies  can  be  made  of  load 
equivalency;  rigid  pavement  features 
such  as  dowel  size  and  location,  wider 
pavements  and  tied  shoulders  and  flexi¬ 
ble  pavement  features  such  as  thickness, 
aggregate  base  and  tire  pressure. 

Suggestions  arc  offered  by  White  as 
to  the  planning,  application  and  scope 
of  pavement  instrumentation  data.  Table 

2  indicates  some  factors  to  be  consid¬ 
ered  in  planning  for  pavement  instrumen¬ 
tations.  An  important  point  is  that  data 
acquisition,  storage  and  reduction 
should  also  be  considered. 

Pavement  instrumentation  will 
provide  data  on  what  are  defined  as 
responsive  attributes  of  the  pavements 
materials,  structural  components  and 
special  features.  The  attributes  in¬ 
clude  deflection,  and  deformation, 
strain,  stress  and  pore  pressure. 
Attribute  data  may  be  desired  for  the 
elements  of  a  rigid  pavement  listed  in 
Table  3. 
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Table  2  Instrumentation  Planning  factors 

1.  Theory  (linear,  non-linear,  visco¬ 
elastic  ) 

2.  Responsive  Attributes  (deflection, 
strain,  stress) 

3.  Pavement  Features  ( load  transfer, 
layer  equivalancv) 

4.  Contributory  Factors  (loads, 
c 1 imate ) 

5.  Background  Da*-a  (in  situ  material 
properties  and  potential  changes  in 
those  properties) 

6.  Pavement  Condition  (roughness, 
distress) 

7.  Instrumentation  (sensors,  repli¬ 
cations,  security) 

8.  Data  Handling  (collection,  reduc¬ 
tion,  storage) 

9.  Training  (installation,  operation) 

Table  3  Candidate  Rigid  Pavement 

Elements  for  Instrumentation 

1 .  Slabs 

a.  Edge 

b.  Corner 

c.  Center 

d.  Interaction  ( Jc int-Vert i cal , 
Horizontal ) 

2.  Reinforcement 

a.  Dowels 

b.  Ties 

c.  Temperature  Steel 

d.  Prestross  Tendons 

3.  Base 

4.  Subgrade 

5.  Laver  Interfaces 

Similarly,  attribute  data  may  be 
desired  for  the  elements  of  a  flexible 
pavement  as  listed  Table  4. 

Table  4  Candidate  Flexible  Pavement 
Elements  for  In'  ^mentation 

1  .  Surface 

2.  Base 

3 .  Subbase 

4.  Subgrade 

5.  Layer  Interfaces 

6.  Lateral  Interfaces  (Shoulders) 

Instrumentation  may  also  have 
application  to  obtaining  other  signifi¬ 
cant  data. The  categories  of  other  sig¬ 
nificant  data  are  attribute  support 
data,  background  data  and  pavement 
condition  data.  .'-'tribute  support  data 
includes  magnitude,  amount  and  character 


of  traffic,  tire  pressures  and  position 
of  loading.  Background  data  refers  to 
certain  data  that  establishes  the  state 
of  the  various  layer  materials  at  the 
time  instrumentation  data  is  collected. 
This  information  would  also  be  desirable 
at  various  times  during  the  life  of  the 
instrumentation  and  at  the  time  any 
failure  in  the  immediate  area  c  the 
instrumentation  occurs.  Background  data 
that  may  be  desirable  includes:  in  situ 
California  Bearing  Ratio  (CBR),  plate 
bearing,  moisture/density  and  surface 
load-deflection  data.  Pavement  condi¬ 
tion  data  is  important  in  defining  the 
type  of  distress  that  occurs.  Accumula¬ 
tion  of  distress  establishes  the  rate  of 
pavement  deterioration  and  provides  a 
scale  of  performance. 

There  are  a  number  of  practical 
considerations  related  to  instrumenta¬ 
tion  application.  Tne  type  of  sensors 
and  installation  techniques  are  impor¬ 
tant  with  respect  to  costs,  time  of 
installation,  reliability  and  replica- 
t  ion . 

Redundancy  suggests  multiple  gages 
which  would  compensate  for  failure  of 
one  or  more  sensors  or  gage  installa¬ 
tions  and  would  insure  data  at  a  given 
location  and  feature.  Replication  on 
the  other  hand  refers  to  multiple  in¬ 
strumented  sites  at  which  there  may  be  a 
redundancy  of  several  sensors.  Replica¬ 
tion  is  considered  because  measurements 
will  vary  even  though  test  sites  and  the 
instrumentation  are  suppose  to  be  simi¬ 
lar.  Accounting  for  the  variability  ir 
measurements  will  enhance  the  statisti¬ 
cal  significance  of  the  data. 

Data  acquisition  systems  are  evolv¬ 
ing  rapidly  both  from  a  hardware  and 
software  stand  point.  Based  on  currem 
techrology.  Figure  1  suggests  components 
required  to  collect  pavement  instrumen¬ 
tation  data.  Signal  conditioning  and 
data  control  processors  are  available 
from  several  sources  and  more  options 
are  available  in  a  single  unit. The 
schematic  in  Figure  1  presents  a  choice 
of  computer  communication  and  a  choice 
of  output  from  the  computer.  The  actual 
structure  of  the  system  has  some  flexi¬ 
bility. 

The  summary  of  the  instrumentation 
guide  by  White  suggests  several  factors 
important  to  successful  pavement  instru¬ 
mentation.  In  addition,  several  oppor¬ 
tunities  are  mentioned  for  more  effi¬ 
cient  and  effective  instrumentation  data 


collection  as  a  result  of  evolving 
technology.  To  minimize  the  impact  of 
sensor  or  installation  failure  quality 
instruments  and  materials  are  required. 
However,  care  and  experience  with  in¬ 
stallation  are  the  two  factors  that  will 
reduce  gage  failure  to  an  acceptable 
level.  An  agency  should  involve  an 
instrumentation  engineer  in  the  planning 
and  execution  processes. 


Note:  each  channel  should  be  sampled 
at  a  minimum  rate  of  500  cps 

Figure  1  Schematic  of  a  Data  Collection 
and  Handling  System 

Current  Data  Processors  have  elimi¬ 
nated  many  of  the  steps  in  processing 
and  analyzing  data  and  are  designed  to 
communicate  directly  with  storage  medi¬ 
ums  or  computers.  However,  there  still 
appears  to  be  a  need  for  software  to 
specifically  address  pavement  data. 

Estimates  of  costs  that  were  pre¬ 
sented  for  sensors  and  installation  were 
nominal.  It  was  pointed  out  that  costs 
not  addressed  were  data  handling  costs, 
including  hardware  and  labor  costs 
during  the  data  collection  and  subse¬ 
quent  analysis.  These  costs  will  be 
substantial. 


Instrumentation  ar.d  data  acquisi¬ 
tion  systems  based  on  new  technology 
will  provide  an  opportunity  for  more  and 
better  pavement  response  data.  Of 
particular  interest  is  the  concept  of  a 
package  of  instrumentation  that  would 
function  at  a  remote  site,  self  cali¬ 
brate  and  transmit  data  telemetr ical ly . 

A  word  of  caution  was  offered  about 
expectation  for  real  pavement  data. 
There  is  a  real  potential  for  differ¬ 
ences  in  measured  pavement  responses 
when  compared  to  theoretically  predicted 
responses.  There  may  also  be  great 
variability  in  the  measure  values. 
Replication  of  instrumentation  can  help 
to  quantify  the  variability. 

Pavement  Design 

A  discussion  of  approaches  and  the 
critical  factors  in  pavement  design  is 
warranted  prior  to  considering  the 
application  of  instrumentation  in  the 
process . 

As  part  of  the  discussion  a  general 
description  of  pavement  design  is  of¬ 
fered  as:  Conceiving  the  form  of  a 

pavement  system,  selecting  materials  and 
proportioning  layers  to  sat isfy  struc¬ 
tural  or  functional  requirements . 
Within  this  general  description  a  number 
of  design  procedures  have  developed. 
There  exists  design  procedures  that  fall 
into  the  categories  in  Table  5. 

Table  5  Design  Procedure  Categories 

1.  Standard  Sections 

2.  Functional 

3.  Empirical 

4.  Mechanistic  -  Empirical 

5.  Mechanistic 

Adoption  of  standard  sections  i. 
not  uncommon.  Two  widely  spaced  exam¬ 
ples  of  the  uses  of  standard  sections 
are  California  and  Germany.  The  reason 
for  adopting  standard  sections  vary  some 
what.  California  (2)  feels  that  for 
certain  traffic  and  applications  a 
specific  section  will  provide  the  best 
level  of  service.  Pavement  drainage  is 
a  major  component  of  their  standard 
sections.  In  Germany,  a  catalogue  of 
pavement  structures  has  been  developed 
(3).  The  thickness  is  dependent  on  the 
number  of  trucks  of  a  certain  weight. 

An  obvious  example  of  a  functional 
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design  procedure  is  the  American  Associ¬ 
ation  of  State  Highway  and  Transporta¬ 
tion  Officials  (AASHTO)  design  procedure 
(2).  This  well  documented  procedure  is 
based  on  providing  a  level  of  functional 
serviceability. 

Essentially,  the  above  standard 
section  approaches  are  empirical  design 
procedures  because  the  standard  sections 
adopted  have  been  observed  to  provide  an 
adequate  level  of  performance.  However, 
specific  empirical  design  procedures 
have  been  developed  based  on  observa¬ 
tion,  test  experience  or  limiting  crite¬ 
ria.  An  example  of  a  limiting  criteria 
that  has  been  used  in  design  procedures 
is  surface  deflection.  The  U.S.  Army 
Corps  of  Engineers  CBR-Thickness  design 
procedure  (3)  is  based  on  the  perform¬ 
ance  of  pavement  test  sections  and 
theoretical  interpolation  and  in  some 
cases  extrapolation  of  the  observed 
performance  data.  Ultimately,  prototype 
pavement  performance  was  factored  into 
the  results.  The  test  and  observation 
process  categorizes  this  procedure  as  an 
empirical  design  procedure.  This  cate¬ 
gorization  should  not  detract  from  the 
method  because  it  is  one  of  the  more 
widely  used  design  procedures  in  the 
world.  There  are  a  number  of  factors 
related  to  the  development  of  the  CBR 
thickness  design  procedure  that  are 
important  to  understanding  pavement 
performance.  However,  these  factors 
will  not  be  discussed  in  this  paper. 

The  interpolation  and  extrapolation 
of  performance  by  theory  in  developing 
the  CBR-Thickness  procedure  places  the 
method  close  to  being  a  mechanistic- 
empirical  design  procedure.  However, 
the  method  uses  theory  to  calibrate 
observed  performance  data.  While  mecha¬ 
nistic-empirical  design  procedure  are 
based  on  using  the  observational  data  to 
calibrate/validate  mechanistic  models. 
Although  there  are  limitations  of  the 
mechanistic  models  their  primary  benefit 
is  in  representing  pavement  section 
geometry  as  well  as  utilizing  more 
rational  material  properties.  Measured 
pavement  prototype  response  along  with 
observed  performance  are  needed  to 
adequately  calibrate/validate  design 
procedures..  This  calibration/validation 
step  in  general  compensates  for  igno¬ 
rance  as  mentioned  above  in  the  discus¬ 
sion  of  pavement  response  phenomenon.  A 
mechanistic  design  procedure  would 
involve  use  of  ar.  analytical  model  and  a 


priori  material  properties.  Pavement 
design  is  more  than  one  inclement  of 
technology  away  from  an  ultimate  mecha¬ 
nistic  procedure. 

Pavement  Performance 

An  adequate  pavement  design  is 
expected  to  accommodate  critical  events; 
survive  the  applied  loads  without  struc¬ 
tural  failure  and  provide  a  desired 
level  of  performance.  The  most  signifi¬ 
cant  critical  event  affecting  pavement 
performance  is  spring  thaw  4).  Satisfy¬ 
ing  each  of  these  pavement  performance 
components  requires  pavement  thickness. 
Foe  example,  thickness  is  required  to 
survive  loads  applied  during  spring 
thaw.  Thickness  is  also  required  to 
control  structural  deterioration. 
Similarly,  thickness  is  required  for 
long  term  performance  and  addresses  the 
overall  uncertainty  in  achieving  the 
desired  performance. 

Performance  can  imply  failure. 
Unfortunately,  pavement  failure  is  not 
well  defined.  Definitions  of  failure 
have  involved  limits  of  measured  re¬ 
sponse  such  as  the  elastic  deflection 
and  permanent  deformation,  measures  of 
serviceability  such  as  roughness  and 
observations  of  distress  such  as  crack¬ 
ing  and  patching.  Actual  failure  may  be 
structural,  functional,  material  or  a 
combination. 

Measured  pavement  response  through 
instrumentation  will  have  many  benefits 
as  previously  mentioned.  However,  the 
physical  attribute  data  collected 
through  instrumentation  may  not  clearly 
register  the  effect  of  time  or  traffic. 

Physical  attributed  data  remain 
reasonably  constant  up  to  some  point  at 
which  the  pavement  system  begins  to 
deteriorate  rapidly.  At  this  time  one 
significant  component  to  the  pavement 
has  failed  or  several  less  significant 
components  fail  and  the  effect  is  that 
the  pavement  system  can  no  longer  per¬ 
form  its  intended  function.  The  lack  of 
change  in  the  physical  attributes  with 
time  or  accumulation  of  traffic  high¬ 
lights  distress  as  the  second  category 
of  pavement  response.  Increase  in 
severity  and  extent  of  distress  occurs 
over  a  period  of  time  or  with  accumula¬ 
tion  of  traffic.  As  a  result,  distress 
accumulation  provides  a  time  scale  for 
pavement  performance.  An  equally  impor¬ 
tant  contribution  of  distress  response 
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is  that  it  identifies  the  mechanisms  of 
the  pavement  system  failure. 

By  way  of  additional  contrast 
between  physical  and  distress  attributes 
distress  type,  extent  and  severity  is  a 
broad  measure  or  a  macro  performance 
indicator.  On  the  other  hand,  deflec¬ 
tion,  strain  or  distress  is  a  point 
specific  or  micro  indicator  of  pavement 
performance.  Both  types  of  performance 
indicators  should  be  represented  by  a 
distribution  rather  than  a  unique 
values.  The  ideas  of  a  distributive 
representation  refers  to  a  composite 
expected  value  and  measure  of  disper¬ 
sion.  The  macro  indicator,  distress, 
could  be  reasonably  uniform  within  a 
given  pavement  length  but  would  vary 
between  comparable  pavements  or  areas  of 
pavements.  On  the  other  hand,  deflec¬ 
tion,  strain,  etc.  will  vary  from  point 
to  point  in  the  same  pavement  as  well  as 
between  comparable  pavements  and  condi¬ 
tion  of  test.  The  amount  of  variability 
of  micro  response  type  performance 
indicator  data  collected  from  real 
pavement  may  be  a  surprise  to  some 
pavement  engineers  and  researchers  that 
analyze  ideal  pavement  sections  with  a 
mechanistic  model  and  with  assumed 
unique  material  properties. 

Interpretation  of  Testing 

Pavement  designs  may  differ  because 
of  fundamental  differences  in  the  mode 
of  testing  from  which  data  was  obtained 
to  develop  the  design  procedures.  Two 
modes  of  testing  that  have  been  used  are 
accelerated  and  prototype.  Accelerated 
testing  involves  testing  over  a  limited 
period  of  time  and  in  a  manner  to  accen¬ 
tuated  failure.  This  mode  of  testing 
might  not  include  the  breath  of  dis¬ 
tresses  found  in  a  prototype  pavement. 
In  addition,  materials  are  often  limited 
and  traffic  is  controlled.  Very  impor¬ 
tantly  the  effect  of  climate  cycles  is 
minimized.  Prototype  testing  would 
include  climatic  effects  but  loading 
would  occur  as  a  mixed  traffic  stream. 
However,  determining  prototype  pavement 
performance  would  require  long  term 
observation  and  testing. 

The  rate  of  pavement  loading  may  be 
classified  as  static  or  dynamic.  It  is 
important  to  know  the  rate  of  loading  on 
which  a  given  design  criteria  is  based. 

The  AASHO  Road  Test  was  basically  a 
dynamic  loading  test  and  the  results  are 


biased  to  this  test  condition.  For 
instance,  although  dynamic  vehicle  loads 
may  be  measured  to  be  higher  than  static 
loads,  as  long  as  the  pavement  and 
material  response  remain  rate  of  loading 
dependent,  the  pavement  deflections  and 
strains  as  indicators  of  fatigue  and 
rutting  will  be  less  under  dynamic 
loading  than  static  or  slowly  moving 
loads.  Field  data  has  been  presented 
from  a  number  of  studies  showing  that  as 
the  rate  of  loading  increases,  i.e. 
vehicle  speed,  the  deflection  and  strain 
decrease  (5,6).  Figure  2  shows  the 
effect  of  speed  on  deflection.  The 
effect  of  static  and  slower  traffic  is 
apparent  on  uphill  grades,  intersections 
and  where  heavy  vehicles  frequently 
stop.  Use  of  a  static  model  to  analyze 
results  of  field  test  conducted  with 
loads  moving  at  highway  speeds  inherent¬ 
ly  result  in  criteria  that  have  been 
calibrated  for  dynamic  loading.  It  is 
likely  that  criteria  so  developed  do  not 
reflect  the  worst  case  of  static  and 
slowly  moving  loads.  In  addition, 
material  quality  specified  as  a  result 
of  dynamic  load  performance  may  not  be 
valid  for  slow  moving  ioads. 


Figure  2  Effect  of  Speed  on 
Deflection  (5) 
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IMPACT  OF  ENVIRONMENT  ON  PAVEMENT  RESPONSE  AND  PERFORMANCE 


Lvnne  H.  Irwin  Director 

Cornell  University  Local  Roads  Program 
Ithaca,  New  York 


ABSTRACT 

One  of  the  remaining  "frontiers"  in 
pavement  research  involves  developing  an 
understanding  which  will  lead  to 
predictive  models  regarding  the  effect  of 
environment  on  pavement  response  and 
performance.  The  environment  that  is  of 
concern  is  both  above  and  beneath  the 
pavement.  It  is  driven  by  the  seasonal 
changes  in  the  weather. 

Freezing  air  temperatures  result  in 
the  penetration  of  a  frozen  zone  beneath 
the  pavement.  When  the  pore  moisture 
freezes  the  modulus  of  elasticity  and  the 
strength  of  the  materials  increase 
significantly.  As  a  result,  the  pavement 
response  to  wheel  loads  and  tire 
pressures  changes.  The  loss  of  pavement 
performance  due  to  heavy  wheel  loads  is 
relatively  minimal  during  the  frozen 
season . 

Winter  is  followed  by  spring.  In  the 
frost  belt  and  also  in  more  temperate 
climates,  subsurface  materials  have 
increased  moisture  contents,  in  a  zone  of 
limited  depth  beneath  the  pavement. 
Materials  become  weak,  and  heavy  vehicle 
loads  take  a  tremendous  toll  on  pavement 
life  during  this  time  of  the  year. 

In  a  subtle  fashion,  evaporation 
begins  to  exceed  precipitation  from  day  to 


day,  and  the  pavements  begin  to  gain 
strength  as  the  granular  materials 
gradually  lose  moisture.  Modest  changes 
can  have  a  big  impact  on  pavement 
response . 

These  patterns  are  repeated  from  year 
to  year,  and  yet  each  year  is  different, 
as  patterns  of  temperature,  rainfall  and 
drought  vary.  Roads  in  close  proximity  to 
one  another,  perhaps  even  intersecting, 
differ  in  their  response  to  environmental 
changes  due  to  the  fact  that  they  are 
built  of  different  materials. 

Methods  for  pavement  design  and 
pavement  evaluation  do  not  specifically 
include  environmental  effects  in  their 
models.  Today  we  see  "lumped  parameters," 
such  as  Regional  Factor,  or  a  Soil  Support 
Value,  or  a  Materials  Coefficient,  which 
gloss  over  or  ignore  important  factors 
which  we  know  influence  the  response  and 
performance  of  our  pavements. 

This  paper  will  report  on  a  series  of 
studies  that  have  been  conducted  by  the 
Cornell  Local  Roads  Program  in  an  effort 
to  add  to  our  knowledge  of  this  intriguing 
frontier.  We  feel  that  it  is  far  too 
early  to  develop  the  needed  models,  but 
perhaps  the  work  will  help  to  suggest  ways 
to  further  pursue  the  topic. 
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MONITORING  PAVEMENT  PERFORMANCE  IN  SEASONAL  FROST  AREAS 


Richard  L.  Berg  U.S.  Army  Cold  Regions  Research 

and  Engineering  Laboratory 
Hanover,  N.H. 


ABSTRACT 

As  pavement  design  and  evaluation 
procedures  become  increasingly  complex, 
additional  instrumentation  and  more 
frequent  observations  may  be  necessary 
to  provide  the  data  required  to  verify 
and  refine  these  more  sophisticated 
procedures.  This  additional  instrumen¬ 
tation  may  be  increased  numbers  of  pre¬ 
viously  used  devices  or  more  sophisti¬ 
cated  equipment  to  measure  parameters 
we  have  not  monitored  in  the  past.  For 
example,  we  have  measured  subsurface 
temperatures  and  frost  heave  at  the 
pavement  surface  for  years.  Within 
about  the  last  10  years  we  have  also 
measured  in-situ  moisture  contents  ver¬ 
sus  depth  and  time,  but  an  inexpensive 
and  universal  device  for  making  these 
measurements  is  not  yet  available. 

In  this  paper,  I  discuss  measure¬ 
ments  we  currently  make,  measurements 
we  plan  to  make  in  the  next  few  years, 
and  measurements  we  would  like  to  make 
but  have  not  because  the  necessary 
equipment  is  not  available. 


INTRODUCTION 

Federal  government  agencies  such  as 
the  U.S.  Army  Corps  of  Engineers,  the 
U.S.  Air  Force,  the  Federal  Aviation 
Administration  and  the  Federal  Highway 
Administration  have  ail  developed,  or 


are  in  the  process  of  developing,  mech¬ 
anistic  pavement  design  methods  to  re¬ 
place  the  empirical  methods  currently 
used.  The  mechanistic  methods  generally 
require  more  detailed  information  of 
the  material  properties  than  previously 
used.  The  mechanistic  methods  also  pro¬ 
vide  more  detailed  output  during  the 
design  process.  For  example,  vertical 
and  horizontal  stresses  and  strains  can 
be  computed  at  various  depths  and  dis¬ 
tances  from  the  imposed  loads  for  a 
given  design. 

The  Cold  Regions  Research  and  Engi¬ 
neering  Laboratory  (CRREL)  is  develop¬ 
ing  detailed  models  of  freezing  and 
thawing  of  pavement  systems  as  part  of 
our  research  studies.  These  models  al¬ 
low  us  to  compute  frost  heave  and  frost 
penetration  versus  time,  as  well  as 
temperatures  and  pore  water  pressures 
(or  moisture  contents)  with  time  and 
depth.  These  models  are  being  incorpo¬ 
rated  into  the  pavement  design  proce¬ 
dures  as  illustrated  in  Figure  1. 

To  verify  the  design  of  pavements 
using  the  new  procedures,  measurements 
jt  several  parameters  must  be  made  at 
various  depths  and  times.  The  measure¬ 
ments  are  then  compared  with  computed 
values  to  determine  the  correlations 
and  to  suggest  where,  or  if,  refine¬ 
ments  are  necessary. 

In  the  remainder  of  this  paper,  I 
briefly  review  the  mechanistic  pavement 
design  method  we  are  developing  for 


Figure  1. Proposed  Corps  of  Engineers  design  procedure 
for  pavements  in  cold  regions. 


the  Army  and  the  Air  Force.  Then  I  re¬ 
view  the  types  of  instrumentation  we 
currently  use  to  characterize  pavement 
performance  in  seasonal  frost  areas  and 
additional  types  of  instrumentation 
which  must  be  installed  to  provide  the 
necessary  information  for  the  new  de¬ 
sign  method.  Some  types  of  instrumen¬ 
tation  must  be  refined  to  provide  the 
necessary  data  or  to  increase  the  in¬ 
strument's  longevity  when  installed  in 
pavements . 


CURRENT  AND  PAST  INSTRUMENTATION 
Temperature  Sensors 

We  have  used  these  devices  for  years 
to  monitor  subsurface  temperatures  and 
to  determine  frost  and  thaw  penetration 
depths  with  time. 

Thermocouples  are  the  devices  we 
have  used  most  frequently.  Several 
types  of  thermocouples  are  available, 
as  shown  in  Table  1,  but  ?e  nearly 
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Table  1 .  Common  thermocouples  and 
and  Control,  Issue  123,  June  1987, 
tion,  Pittsburgh,  Pa. 


ISA 

CONDUCTOR 

TEMPERATURE 

CODE 

POSITIVE 

NEGATIVE 

RANGE  °F 

E 

Chromel 

Constantan 

32  to 

600 

632  to 

1600 

J 

Iron 

Constantan 

32  to 

530 

530  to 

1400 

T 

Copper 

Constantan 

-300  to 

-75 

-150  to 

-75 

-75  to 

+  200 

200  to 

700 

K 

Chromel 

Alu  mel 

32  to 

530 

(Trade  name.  Hoskins) 

530  to 

2300 

S 

Platinum 

Platinum 

32  to 

1000 

10%  Rhodium 

1000  to 

2700 

R 

Platinum 

Platinum 

32  to 

1000 

1 3%  Rhodium 

1000  to 

2700 

application  factors.  (From  Measurements 
p.  251.  Measurements  and  Data  Corpora- 


SEEBECK 


LIMITS  OF 

ERROR 

APPLICATION 

COEFFICIENT 

STANDARD 

SPECIAL 

NOTES 

M.V/-C 

txVCF 

±3°F 

— 

Highest  output  of  com¬ 

62 

34 

±1/2% 

— 

mon  thermocouples 

±4“F 

±2°F 

Reducing  atmosphere 

51 

28 

±3/4% 

±3/8% 

recommended 

— 

±1% 

Excellent  in  oxidizing 

40 

22 

±2% 

±1% 

and  reducing  atmos¬ 

±  1-1.'2°F 

±3'4°F 

phere  within  its  tem¬ 

±3/4% 

±3  8% 

perature  range 

±4°F 

±2°F 

For  oxidizing 

40 

22 

±3/4% 

±3,8% 

atmosphere 

±5°F 

±2  5°F 

Laboratory  standard, 

7 

4 

±  1  2% 

±  1  '4% 

highly  reproducible 

±5°F 

±2.5°F 

Oxidizing  atmosphere 

7 

4 

±  1  '2% 

±  1  4% 

recommended 

always  use  those  fabricated  from  copper 
and  constantan  wires  (type  T) .  As  il¬ 
lustrated  in  Table  1,  this  type  of 
thermocouple  has  the  lowest  limits  of 
error  and  greatest  sensitivity  in  the 
temperature  range  cf  interest  to  us: 
-60°F  to  +140  °F .  Copper-constantan 
thermocouples  provide  about  22pV/°F  of 
output  at  32  °F .  This  sensitivity  in¬ 
creases  above  32  °F  and  decreases  below 
32"F .  iiiuiviaual  pairs  of  wires  (one 
copper  wire  and  one  constantan  wire) 
are  sometimes  used,  but  we  often  pur¬ 
chase  cables  containing  12,16  or  24 
pairs  of  wires  depending  on  the  number 
of  sensors  we  plan  to  use  in  one  verti¬ 
cal  profile.  Several  wire  diameters  are 
available,  but  we  generally  use  number 
18  or  22  AWG.  The  standard-quality  wire 
is  accurate  to  ±1.5  °F,  and  special- 
quality  wire  is  accurate  to  ±0.75  °F . 

We  generally  purchase  the  special- 
quality  material,  but  its  cost  is  about 
50%  greater  than  the  standard-quality 
wire . 

Several  types  of  devices  are  avail¬ 
able  to  monitor  thermocouples;  most  of 
the  newer  devices  display  temperatures 
directly,  but  some  provide  microvolt 
displays.  The  former  instruments  must 
be  used  only  with  the  specific  thermo¬ 
couple  type  they  are  designed  for.  The 
latter  instruments  require  the  use  of 
conversion  tables  or  equations  to  ob¬ 
tain  temperatures.  Single-channel  and 
multiple-recording-type  instruments  are 
available,  and  they  may  be  powered  by 
either  batteries  or  "line"  voltage. 


The  major  problem  with  thermocouples 
is  that  their  accuracy  is  lower  than 
most,  othe''  temperature  sensors,  and  as 
a  result,  indicated  frost  and  thaw 
depths  often  vary  substantially.  This 
is  especially  true  in  the  spring  when 
temperatures  are  near  the  freezing 
point,  and  a  variation  of  0.1  or  0.2°F 
can  result  in  errors  from  six  inches  up 
to  a  foot  or  more  in  frost  or  thaw 
depths . 

We  have  often  used  thermistors  to 
measure  temperatures  also.  Most  of  the 
recently  developed  battery-powered 
recorders  will  accept  thermistor  in¬ 
puts.  Some  of  the  recorders  require 
fabrication  of  external  interfacing 
circuits,  but  others  have  "built-in" 
circuits  for  certain  types  of  thermis¬ 
tors.  Several  types  of  thermistors  have 
been  used,  ranging  in  size  from  a  "fly 
speck"  to  a  few  tenths  of  an  inch  in 
length.  The  user  must  choose  thermis¬ 
tors  to  suit  the  need.  Care  must  be 
taken  to  obtain  devices  which  are  rug¬ 
ged  enough  to  withstand  some  physical 
abuse  and  are  not  altered  by  the  moist 
environment  in  which  they  will  be  used. 
"Iso-curve"  thermistors  are  available, 
but  they  are  more  expensive  than  those 
with  individual  calibrations.  The  iso¬ 
curve  thermistors  possess  the  same  cal¬ 
ibration,  within  a  specified  accuracy. 
This  accuracy  may  be  0.1 °F  or  less. 

Recorders  and  manually  operated  de¬ 
vices  available  to  monitor  thermistors 
may  be  battery  operated  or  powered  by 
"line"  voltage.  Thermistors  may  be  fab- 
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Table  2.  Comparison  of  elec¬ 
trical  temperature-sensing 
techniques.  (From  Measurements 
and  Control,  Issue  122,  April 
1987,  p.  269.  Measurements  and 
Da  _  Corporation,  Pittsburgh, 
Pa . ) 


RTD 

THER¬ 

MISTOR 

THERMO¬ 

COUPLE 

Accuracy’ 0  01  to 

0.1  °F 

0.1  to 

1°F 

1  to  10°F 

Stability* 

Less  than 
0.1%  drift 
in  5  yrs 

0  2°F  drift/ 
year 

1°  drift  year 

Sensiti¬ 

vity’ 

0.1  To  10 
ohms/F° 

50  to  500 
ohmsF° 

50  to  50 
(jl  volts  F° 

Range 

-420  to 
1600°F 

-150°  to 
550°F 

-300  to 
3100°F 

Output 

Power 
(1 00- 
ohm 
load) 

1  to  6V 

4  x  1CH 
watt 

1  to  3V 

8  x  10-’ 
watt 

0  to  60mV 

2  x  10-7 
watt 

Features 

Greatest 
accuracy 
over  wide 
cpc,::..  gieat- 

Greatest 

sensitivity 

Greatest 

economy; 

highest 

range 

est  stability 

'Varies  with  range  and  point  on  scale 

multi-conductor  cables  similar  to  th¬ 
ermocouples.  Several  thermistors  can 
share  one  common  lead  wire,  which  re¬ 
sults  in  a  smaller  wire  bundle  for  mul¬ 
tiple  sensors.  Thermistors  are  gener¬ 
ally  much  more  accurate  and  more  re¬ 
peatable  than  thermocouples,  so  they 
are  often  preferable  to  thermocouples 
in  thawing  conditions  when  the  tempera¬ 
ture  is  nearly  isothermal.  Thermistor 
circuits  also  have  a  higher  output 
voltage  than  thermocouples  when  oper¬ 
ated  near  3?F  and  are  therefore  less 
susceptible  to  electrical  noise  prob¬ 
lems  . 

Other  types  of  temperature  sensors 
are  also  available,  such  as  diodes, 
RTDs,  and  liquid-in-glass  thermometers. 
Table  2  compares  characteristics  of  the 
three  types  of  temperature  sensors  most 
commonly  used  in  field  installations. 

Surface  Elevations 

Surface  elevations  are  taken  at 
marked  locations  several  times  in  the 
fall,  winter  and  spring.  Elevations  in 


the  summer  or  fall  are  used  as  refer¬ 
ences,  and  the  difference  between  the 
reference  elevation  and  the  current 
elevation  at  a  particular  point  is  the 
total  frost  heave  on  that  date.  These 
surveys  are  the  "standard"  elevation 
surveys  using  engineer's  rod  and  level 
equipment.  Conventional  benchmarks  may 
be  moved  by  frost  action  in  the  winter 
and  spring;  therefore,  a  reference 
point  unaffected  by  frost  heave  must  be 
installed.  A  "frost-free"  benchmark 
(Figure  2)  is  necessary  to  preclude 
this  type  of  problem.  The  benchmark 
must  be  identified  so  that  it  can  be 
readily  located  beneath  snow  and  lo¬ 
cated  so  that  it  will  not  be  struck  or 
disturbed  by  snow  removal  equipment. 

On  an  operational  roadway  or  airport, 
traffic  control  is  necessary  for  safety 
of  the  survey  crew  as  well  as  the  trav¬ 
eling  public.  We  normally  use  a  two- 
person  survey  crew  with  a  conventional 
engineer's  level  and  rod.  We  have  also 
used  a  rotating  laser  level,  an  auto¬ 
matically  reading  rod  and  a  one-person 
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Figure  2 .  Recommended  permanent 
benchmark.  In  seasonal  frost 
areas  the  depth  below  the  annual 
frost  tone  should  be  two  to 
three  times  the  thickness  of  the 
annual  frost  zone.  (From  Linell 
and  Lobacz,  1980.) 


crew.  This  is  very  slow  because  one 
person  must  work  the  rod  as  well  as  re¬ 
cord  the  data.  A  two-person  crew  is 
generally  preferable. 

Water  Table  Elevation 

Water  table  elevations  are  generally 
obtained  using  a  conventional  water 
well.  Often  we  have  used  the  water  well 
as  a  frost-free  benchmark  for  the  ele¬ 
vation  surveys.  If  the  water  table  is 
near  the  ground  surface  or  if  frost 
penetrates  beneath  the  protective  cas¬ 
ing  (Figure  2),  the  water  well  may  be 
moved  by  frost  heave.  If  the  water  well 
is  to  be  used  as  a  benchmark,  it  should 
be  installed  to  a  depth  of  about  three 
times  the  estimated  depth  of  frost  pen¬ 
etration  beneath  the  road  or  airfield 
where  the  snow  is  cleared.  If  the  water 
well  is  not  used  for  a  benchmark,  its 
top  elevation  should  be  determined  dur¬ 
ing  each  survey.  We  have  used  both 
steel  pipes  and  plastic  pipes  for  the 
well.  We  have  generally  read  the  water 
level  using  a  string,  a  float  and  a 
ruler.  This  device  is  simple  and  inex¬ 
pensive,  but  several  more  elaborate  de¬ 
vices  are  also  available.  One  problem 
occasionally  encountered  is  that  the 
water  in  the  upper  part  of  the  well  may 
freeze;  then  the  water  table  is  low¬ 
ered,  but  this  may  not  be  noticed  be¬ 
cause  of  ice  in  the  system.  A  pressure 
transducer  could  be  lowered  to  the  bot¬ 
tom  of  the  well  and  may  provide  a  true 
reading  if  the  water  table  receded  even 
though  the  surface  was  frozen.  We  have 
not  used  this  technique. 

Soil  Moisture  Content 

Several  types  of  soil  moisture  sen¬ 
sors  are  available,  and  others  are 
under  development.  The  general  problem 
with  these  devices  is  that  they  do  not 
function  correctly  for  a  long  period  of 
time;  they  seldom  operate  for  more  than 
three  or  four  winters.  Table  3  reviews 
several  types  of  equipment,  the  range 
of  applicability  and  the  advantages  and 
disadvantages  of  each  type.  Neiber 
(1989)  discusses  the  performance  of 
these  devices  in  more  detail. 

Most  of  the  studies  we  have  con¬ 


ducted  involved  no  materials  finer  than 
silts;  as  a  result,  tensiometers  (Fig¬ 
ure  3)  have  generally  been  used  in  our 
work.  Since  they  are  subjected  to 
freezing  and  thawing,  we  fill  them  with 
a  nontoxic  antifreeze  to  preclude 
breakage  of  the  ceramic  tip  or  the  dial 
gage.  Occasionally  the  ceramic  tip  is 
pulled  away  from  the  remainder  of  the 
device  due  to  frost  heave.  When  this 
occurs,  the  tensiometer  must  be  re¬ 
placed  as  it  cannot  be  repaired.  Ten¬ 
siometers  must  be  calibrated  in  each 
soil  by  developing  a  moisture  charac¬ 
teristic  curve  in  the  laboratory.  The 
laboratory  test  must  be  conducted  at 
the  same  density  as  the  soil  exists  in 
the  field.  The  moisture  characteristic 
curve  is  highly  dependent  on  the  soil 
density,  and  it  exhibits  hysteresis 
between  wetting  and  drying  cycles.  De¬ 
spite  these  problems  we  have  used  ten¬ 
siometers  extensively  with  satisfactory 
results.  We  have  sometimes  replaced 
the  dial  gages  with  pressure  transduc¬ 
ers  and  connected  them  to  recording 
equipment.  The  tensiometers  generally 
cost  less  than  $100  each,  but  when  a 
pressure  transducer  is  added  the  price 
can  be  increased  by  50%  or  more. 

We  installed  thermocouple  psychro- 
meters  in  one  test  section  at  CRREL . 

The  soil  was  a  low-plast icity  clay  in¬ 
stalled  slightly  above  its  optimum 
moisture  content  and  too  near  satura¬ 
tion  for  the  devices  to  operate  prop¬ 
erly.  The  calibration  procedure  is 
complex  and  time-consuming.  They  can  be 
monitored  manually  or  automatically, 
but  the  system  for  automatic  monitoring 
is  relatively  expensive.  We  believe 
that  psychrometers  will  be  used  very 
little  in  freezing  and  thawing  soils 
because  the  environment  is  generally 
too  wet  to  allow  for  adequate  sensi¬ 
tivity  of  the  devices. 

Nuclear  devices  have  also  been  used 
to  monitor  moisture  changes.  We  have 
used  surface  moisture/density  gages 
during  construction  and  depth  probes 
after  construction.  The  nuclear  access 
tubes  are  left  in  place  and  must  be 
sealed  to  prevent  condensation  and  the 
influx  of  water  from  the  surface.  Nu¬ 
clear  probes  sample  the  moisture  con¬ 
tent  over  a  large  volume  of  soil,  and 
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Table  3.  Major  technical  limitations  of  in-situ  soil  mois¬ 
ture  sensor  systems.  (From  U.S.  Army,  1989.) 

Sensor  type  Disadvantages  and  comments 

Disadvantages 

1.  Poor  resolution  (max  resolution  about  6  in.) 

2.  Influenced  by  physical-chemical  soil  properties 

3.  Surface  measurements  can  be  inaccurate. 

4.  Access  tube  installation  difficult  in  soils  that 
contain  fragments. 

Comments 

1.  Measures  moisture  regardless  of  state 

2.  Reasonable  accuracy  and  precision 

3.  Insensitive  to  temperature  change 

4.  Rapid  response  time  (seconds). 

5.  Employable  in  most  soils. 

6.  Senses  a  wide  range  of  moisture  level 

Disadvantages 

1.  Influenced  by  soil  salinity. 

2.  Temperature  dependant. 

3.  Low  overall  accuracy,  moderate  precision 
4  Exhibits  hysterisis  between  wetting  and  drying 
Comments 

1.  Moderate  response  time  (minutes) 

2.  Employable  in  most  soils. 

Disadvantages 

1.  Influenced  somewhat  by  soil  texture,  density  and 
salinity 
Comments 

1.  High  accuracy  and  high  precision 

2.  Rapid  response  time  (seconds) 

3.  Under  correct  operation  can  distinguish  water  from 
ice. 

Disadvantages 

1.  Not  useful  in  many  dry  soils. 

2.  Exhibits  hysterisis  between  wetting  and  drying 

3.  Difficult  to  implant  probe  in  soils  that  contain 
fragments 

Comments 

1.  Moderate  response  time  (minutes) 

2.  High  accuracy  and  precision 

3.  Useful  under  conditions  near  saturation 

4.  Adaptable  to  low  temperatures. 

Thermocouple  psychrometer  Disadvantages 

1.0  to  -80  bars* +  1  Corroded  by  acidic  soils. 

2.  Sensor  thermal  gradients  may  give  bad  readings 
3  Often  of  low  precision. 

C  rmments 

1.  Wide  range  of  sensitivity 

2.  High  accuracy. 

3.  Relatively  insensitive  to  temperature  changes 

4.  insensitive  to  changes  in  bulk  density. 

5.  Relatively  long  response  time  (hours) 


the  volume  is  inversely  proportional  to  purchase,  on  the  order  of  $5000;  how- 

the  amount  of  water  in  the  system.  The  ever,  one  device  can  be  used  to  monitor 

nuclear  probe  must  be  calibrated  for  several  sites.  The  devices  must  be  op- 

each  soil,  and  a  large  volume  of  soil  erated  manually. 

is  necessary  for  the  calibration.  Since  Other  equipment  has  also  been  used 
the  devices  sample  moisture  over  a  or  will  be  used.  "Coleman"  and  "Bouy- 

large  volume,  they  cannot  readily  de-  oucos"  blocks  were  developed  for  agri- 
tect  moisture  changes  near  boundaries.  cultural  applications  more  than  30 
Another  problem  with  these  devices  is  years  ago.  They  detect  gross  changes  in 

that  they  are  relatively  expensive  to  moisture  contents  and  do  not  survive 
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0.5  to  15  bars* 
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Figure  3.  Three  tensiometer  models  in  use  at  CRREL. 


(From  I nger sol 1 ,  1  98 1 . ) 


for  a  long  time.  More  recent  devices 
are  discussed  by  Neiber  (1989)  and 
Fredlund  (1989)  at  this  symposium.  Some 
of  them  look  very  promising. 

Subsurface  Movement 

These  measurements  have  occasionally 
been  made  to  determine  the  vertical 
distribution  of  frost  heave  in  a  pave¬ 


ment  system.  We  have  used  conventional 
settlement  plates  similar  to  those  used 
in  dams  or  other  types  of  embankments. 
We  have  also  used  devices  based  on  mag¬ 
netic  sensors  or  other  similar  systems. 
The  various  systems  have  performed  ac¬ 
ceptably  but  have  not  been  widely  used. 
All  of  the  devices  are  monitored  manu¬ 
al)”  We  are  invest  igat  inq  recent  ly 
developed  equipment  for  this  applica- 


16 


Polyethylene 


— rt 

$  |  Copper 


,;5znz oa'. 


Solder 


re 


Increasing  Resistance 


Figure  4.  Initial  (left)  and 
second-generation  resistivity 
probes.  (From  Atkins,  1979.) 


Figure  5.  Typical  resistance  vs  depth  curve. 
(From  Atkins,  1979.) 


tion  also.  A  major  problem  with  all  of 
these  devices  is  to  accurately  measure 
movement  without  affecting  the  soil 
properties,  moisture  content  and  ther¬ 
mal  regime  around  the  sensor. 

Electrical  Resistivity  Gages 

These  gages  are  often  installed  to 
aid  in  defining  frozen  and  thawed  lay¬ 
ers.  They  are  especially  useful  in  de¬ 
lineating  frozen  and  thawed  boundaries 
when  temperatures  are  nearly  isother¬ 
mal,  as  frequently  happens  in  the 
spring,  or  when  clayey  soils  are  pres¬ 
ent.  Figure  4  is  a  sketch  of  an  elec¬ 
trical  resistivity  gage  which  was  fab¬ 
ricated  at  CRREL.  Figure  5  is  a  typical 
set  of  observations  from  a  vertically 
installed  gage  Note  the  large  change 
in  resistance  from  the  frozen  to  the 
thawed  states.  This  large  difference 
allows  the  boundaries  between  frozen 
and  thawed  materials  to  be  located 
quite  accurately.  These  gages  are  not 
commercially  available,  but  they  can  be 
easily  fabricated  by  "in-house  forces" 
or  specified  for  a  contractor. 

Figure  6  is  a  schematic  of  a  com¬ 
bined  electrical  resistivity  gage  and 
temperature  assembly.  Either  thermis¬ 


tors  or  thermocouples  could  he  used  ir. 
the  temperature  assembly.  The  combined 
system  has  the  advantage  that  one  will 
always  know  where  the  resistivity  elec¬ 
trodes  are  relative  to  the  temperature 
sensors  and  vice  versa.  If  they  are  not 
in  the  same  assembly,  differential 
frost  heave  could  cause  changes  ir.  rel¬ 
ative  positions  of  the  temperature  ar.d 
resistivity  sensors  with  time. 

EQUIPMENT  NEEDS 

To  develop  more  accurate  mechanist i c 
design  methods  using  cumulative  damage 
concepts,  it  is  extremely  important 
that  we  develop  a  better  understanding 
of  the  annual  moisture  and  temperature 
variations  within  the  pavement  system 
and  the  influence  of  these  variat ions 
on  pavement  strength,  performance  and 
life.  We  can  monitor  temperatures  with 
the  desired  accuracy  and  frequency.  If 
properly  selected,  assembled  and  in¬ 
stalled,  the  temperature  sensors  will 
provide  reliable  data  for  20  years  or 
more.  Moisture  measurements  are  a  prob¬ 
lem,  however.  A  sensor  must  be  usable 
in  the  wide  variety  of  materials  placed 
in  pavement  systems.  That  sensor  must 
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Figure  6.  Schematic  of  a  typical  combined  tempera¬ 
ture  and  electrical  resistivity  assembly. 


also  provide  valid  data  over  10-20 
years.  Papers  by  Neiber  (1989)  and 
Fredlund  (1989)  at  this  symposium  may 
provide  information  on  new  equipment 
for  this  purpose. 

We  have  not  successfully  measured 
in-situ  stresses  and  strains  in  pave¬ 
ment  layers  and  unbound  material  layers 
in  pavement  systems  in  seasonal  frost 
areas.  However,  both  Anderson  and  Se- 
baaly  (1989)  and  Christison  (1989)  dis¬ 
cuss  this  type  of  measurement  for  bound 
layers.  The  two  primary  problems  in 
developing  this  equipment  are:  (a)  the 


pavement  system  may  move  a  few  inches 
due  to  frost  heave,  but  movements  due 
to  traffic  loadings  may  be  only  a  few 
hundredths  of  an  inch  or  less;  and  (b) 
the  modulus  of  the  soil-water  system 
may  change  two  to  four  orders  of  magni¬ 
tude  between  its  frozen  state  and  its 
thawed  and  saturated  state.  The  modu¬ 
lus  of  asphalt-bound  layers  also  varies 
with  temperature,  but  substantially 
less  than  the  underlying  soils  sub¬ 
jected  to  freezing  and  thawing. 

In  the  last  few  years,  a  few  states 
(Illinois,  Iowa,  Minnesota,  North  Caro- 
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lina  and  Pennsylvania)  have  installed, 
or  soon  will  install,  equipment  as  part 
of  FHWA  Experimental  Project  621  en¬ 
titled  "Pavement  Instrumentation."  In¬ 
formation  from  these  studies  will  pro¬ 
vide  experiences  with  different  types 
of  gages  and  their  installation  proce¬ 
dures.  These  installations  will  also 
provide  data  concerning  the  reliability 
and  longevity  of  the  sensors.  According 
to  papers  by  Selig  (1989) ,  Ullidtz  and 
Ertman  Larson  (1989)  and  Christison 
(1989)  at  this  symposium  and  other  re¬ 
cent  publications,  suitable  devices  may 
now  be  available  or  are  currently  under 
final  development. 
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The  Strategic  Highway  Research 
Program  (SHRP)  may  be  expected  to  be  a 
consumer  of  sane  of  the  developments  in 
pavement  instrumentation  that  will  be 
discussed  at  this  conference.  We  want  to 
use  instrumentation  to  do  pavement 
research.  For  us,  the  urgency  with  which 
we  are  pursuing  our  mission  prevents  us 
from  using  pavements  to  do 
instrumentation  research. 

Our  main  use  of  pavement 
instrumencation  will  be  in  the  Specific 
Pavement  Studies  (SPS)  program  in  our 
Long-Term  Pavement  Performance  (LTPP) 
research.  There,  for  example,  we  may 
measure  pavement  strain  and  other 
parameters  pursuant  to  determining 
structural  coefficients  for  asphalt  and 
concrete  pavements. 

In  SPS  we  also  plan  to  investigate 
how  seasonal  changes  in  the  environment 
affect  pavement  performance.  We  refer  to 
this  as  our  Environmental  Studies 
project.  It  will  involve  making  many 
surface  and  subsurface  measurements  of 
key  variables  such  as  temperature, 

*  Dr.  Irwin  was  on  sabbatical  leave  with 
SHRP  during  January-December  1988.  He  is 
currently  Associate  Professor  and 
Director,  Cornell  University  Local  Roads 
Program,  Ithaca,  NY. 


moisture,  modulus,  and  strain,  and 
observing  how  these  parameters  change  at 
various  intervals  of  time.  We  expect 
that  these  studies  will  be  conducted  in  a 
variety  of  different  climate  zones, 
incorporating  many  different  types  of 
subgrade  and  base  course  materials.  We 
are  still  actively  formulating  our  plans 
for  this  project,  but  we  expect  to  be 
heavily  influenced  by  such  factors  as 
cost,  various  practical  considerations 
and  what  is  possible,  as  reported  at 
this  conference,  as  well  as  other  sources 
of  instrumentation  information. 

We  have  many  questions  about 
pavement  instrumentation.  How  durable  is 
it?  Will  it  last  as  long  as  we  need  it 
to?  Will  it  report  consistent  results? 
Most  importantly,  we  are  concerned  about 
whether  it  actually  measures  what  it 
purports  to.  From  nuclear  meters  to 
stress  cells,  it  is  evident  that  these 
are  questions  that  must  be  answered 
before  we  can  put  instrumentation  to  work 
in  our  research. 

We  hope  to  find  answers  to  some  of 
these  questions  at  this  conference. 

Thus,  while  we  are  here  with  a  "shopping 
list"  like  many  others,  we  are  also  here 
as  a  supportive  partner.  We  look  forward 
to  using  the  fruits  of  your  labors  in  our 
research. 


SHRP  PAVEMENT  RESEARCH  STUDIES 

Most  pavement  researchers  have  a 
clear  understanding  of  the  SHRP  plans  for 
the  LTPP  studies.  Thus  I  will  provide 
only  a  very  limited  overview,  along  with 
an  update  on  some  key  dimensions  of  the 
program. 

General  Pavement  Studies  (GPS) 

The  GPS  project  is  underway.  We 
have  taken  delivery  on  four  Dynatest 
Falling  Weight  def lectometers .  Their 
initial  calibrations  and  comparisons  have 
been  done.  Producation  FWD  testing  has 
begun. 

We  expect  to  receive  delivery  on 
several  key  pieces  of  performance 
measurement  equipment  within  a  few  weeks. 
Meanwhile,  GPS  site  selection  is  nearly 
completed,  and  the  drilling  and  sampling 
of  the  selected  sites  is  taking  place. 

The  purpose  of  the  GPS  studies  is  to 
observe  the  change  in  pavement 
performance  due  to  traffic  on  selected 
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sections  of  the  existing  highway  system. 
State  highway  departments  across  the 
United  States  have  nominated  test  sites 
for  the  study.  Many  foreign  countries, 
including  Canada  and  many  others 
worldwide,  are  cooperating  in  this 
project. 

In  the  United  States  as  of 
February  7,  1989,  768  Cl'S  test  sites  have 
been  verified  and  incorporated  in  the 
study.  Ultimately  we  expect  the  numl-er 
of  sites  will  be  approximately  800. 

Each  site  will  be  500  feet  long.  It 
is  our  goal  to  measure  pavement  roughness 
about  once  per  year  us ini  a  prof i iometer. 
The  pavement  distress  wi 11  he 
photographed  every  year  or'  two.  Tire 
structural  performance  of  every  site  will 
be  determined  at  least  once  using  the 
falling  weight  def lectometei .  Through 
drilling  and  sampling,  followed  by 
extensive  laboratory  testing,  die 
important  properties  of  each  pavement 
layer,  including  the  subqrado,  will  be 
determined . 

All  of  the  data  will  be  placed  in  a 
database  to  be  managed  by  the 
Transportation  Research  Board.  I he  data 
will  be  available  to  pavement  researchers 
and  to  all  who  would  choose  to  use  it. 

Specific  Pavement  Studies  (SPS) 

Plans  for  the  SPS  projects  are  being 
finalized.  SPS  will  consist  of  a  limited 
number  of  newly  constructed  pavements, 
strategically  located  around  the  country, 
which  will  be  specially  built  for 
specific  research  purposes. 

Some  of  the  objectives  of  this 
research,  will  be  to  determine  the 
validity  of  various  structural 
coefficients  for  both  asphalt  aiv.i 
concrete  pavements  and  Imw  they  affect, 
pavement  performance,  to  assess  the 
effect  of  various  levels  of  subsurface 
drainage  on  pavement  performance,  and  to 
determine  how  maintenance  pmofires 
affect  pavement  performance. 

To  achieve  the  ful  l  potential  of 
these  studies  in  terms  of  the  information 
that  they  can  yield,  will  take  fifteen  to 
twenty  years  after  construct  ion.  Since 
SHRP  is  expected  to  cease  operations  in 
1993,  we  expect  that  the  states  which 
host  the  SPS  test  sites  will  continue  to 
make  the  needed  observations,  provisions 
will  be  made  for  inclusion  of  the  SPS 
data  in  tire  aforementioned  database,  ft 
is  in  the  SPS  projects  that  we  errj'ect  to 


have  the  greatest  need  for  pavement 
instrumentation.  To  log  traffic  data, 
weigh-in-motion  equipment  will  be 
installed  at  all  SPS  sites.  For  the 
structural  research  there  certainly  is  a 
patent i a 1  to  use  subsurface  strain 
instrumentation  and  measurements. 

Environmental  Pavement  Studies 

One  instrumentation-intensive 
research  area,  and  a  corollary  part  of 
the  SPS  projects,  is  what  we  refer  to  as 
our  E) iv i ronmenta 1  Studies  project.  We 
plan  to  investigate  how  seasonal 
variations  in  the  environment  (i.e., 
temperature,  humidity,  evaporation, 
precipitation,  etc.)  affect  pavement 
performance . 

Our  objective  will  be  to  relate 
various  independent  variables,  such  as 
moisture  content,  permeability,  density, 
and  modulus  of  elasticity  to  the 
dependent  performance  variables  such  as 
roughness,  rutting,  cracking  and 
distress.  How  to  correctly  account  for 
seasonal  changes  in  pavement  materials 
properties,  and  how  to  predict  such 
changes,  are  of  particular  interest. 

It  appears  likely  that  the 
Environmental  Studies  can  be  incorporated 
into  other  SPS  projects,  and  for  the  most 
part  separate  pavement  test  sections  will 
not  be  necessary. 

Among  the  many  measurements  that  we 
might  wish  to  make  above  and  beneath  the 
pavement  are  the  following.  All  of  these 
measurements  would  be  made  throughout  the 

year. 

*  weather  -  site  specific  weather  data 
such  as  temperature,  humidity,  wind, 
precipitation,  and  possibly 
evaporation  and/or  solar  insolation 

*  pavement  temperature  -  temperature 
at  various  depths  from  very  near  the 
surface  to  five  feet  or  more  deep 

*  frost  penetration  -  in  freezing 
climates,  a  record  of  the  depth  of 
freezing  and  thawing  beneath  the 
pavement  surface 

*  moisture  content  -  of  granular 
materials  in  the  base,  subbase,  and 

subgrade  layers 


*  soil  moisture  tension  -  suction  in 
the  partially  saturated  granular 
layers 

*  water  table  elevation  -  depth  to  the 
free  water  surface 

*  density  -  in  situ  density  of  various 
layers,  or  a  measure  of  overburden 
pressure  at  various  depths 

*  stress  -  vertical  and  horizontal 
pressure  at  various  depths  beneath 
the  surface  due  to  wheel  loads 

*  strain  -  vertical  and  horizontal 
deformation  at  various  depths 
beneath  the  surface  due  to  wheel 
loads 

*  permanent  deformation  -  rutting, 
including  vertical  and  horizontal 
movement  at  various  depths  beneath 
the  surface 

*  modulus  of  elasticity  -  in  situ 
modulus  of  various  layers, 
determined  either  by 
instrumentation,  or  by  back- 
calculation  from  non-destructive 
testing  on  the  pavement  surface 


Our  intent  is  to  use  instrumentation 
to  do  pavement  research.  We  must  rely  on 
the  work  of  others  who  have  already  used 
pavements  to  do  instrumentation  research. 
Fortunately,  we  can  do  so.  The  agenda 
for  this  conference  closely  parallels  the 
range  of  our  needs.  We  hope  to  begin  to 
find  answers  to  many  of  our  questions 
here. 

We  appreciate  the  timeliness  of  this 
conference.  We  are  enthusiastic  about 
the  prospects  for  making  significant 
strides  in  our  quest-  to  make  better, 
longer-lasting  pavements.  The  data  from 
our  pavement  instrumentation  will  be  an 
important  element  of  our  pavement 
performance  studies. 

We  are  here  to  listen  and  to  learn. 


INFORMATION  NEEDS 

We  need  to  make  our  choices 
carefully  always  keeping  in  mind  costs 
and  cost  effectiveness.  Due  to  the  long¬ 
term  nature  of  our  pavement  studies, 
instrumentation  durability  is  a  foremost 
concern.  Devices  which  last  only  a  year 
or  two  are  costly  in  the  framework  of  a 
twenty-year  study.  There  is  also  a 
danger  that  the  act  of  removing  and 
replacing  non-durable  instrumentation 
will  destroy  the  pavement  structure  and 
invalidate  the  measurements. 

In  choosing  our  instrumentation  we 
must  also  be  confident  that  it  measures 
what  we  want  it  to.  Limitations  in  the 
state-of-the-art  for  certain  types  of 
instrumentation  are  very  severe.  Some 
devices  return  a  "number",  but  SHRP  must 
be  sure  that  the  number  is  real.  The 
ability  to  calibrate  the  instrumentation, 
and  to  verify  periodically,  while  the 
instrument  is  in  place,  that  the 
calibration  is  unchanged,  is  highly 
desirable. 
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ABSTRACT 

The  measurement  of  negative 

pore-water  pressure  is  central  to  the 
study  of  compacted  soil  behavior. 

Negative  pore-water  pressures  are  as 
important  to  understanding  compacted 

soil  behavior  as  positive  pore-water 
pressures  are  to  understanding  saturated 
soil  behavior.  However,  there  are 
serious  difficulties  associated  with  the 
measurement  of  pore-water  pressures 

which  are  highly  negative. 

Negative  pore-water  pressures,  uw, 

are  generally  referenced  to  the  pore-air 
pressure,  ug,  and  called  the  matric 

suction  component  of  suction  (i.e., 

(u  -  u  ) ) .  The  salts  in  the  pore  fluid 
d  w 

give  rise  to  a  second  component  of 
suction;  namely,  the  osmotic  suction, 

w  .  a  combination  of  the  two  components 
o 

of  suction  are  referred  to  as  total 
suction.  All  three  soil  suction  terms 
can  be  described  within  one  theoretical 
context  using  Kelvin's  equation.  The 
soil  suction  terms  are  described  in 
terms  of  the  thermodynamics  of  the  air 
immediately  adjacent  to  the  air-water 
interface. 

This  research  paper  first  presents 
the  theory  of  soil  suction  measurements 
and  then  describes  several  devices  which 
can  be  used  for  the  measurement  of  soil 
suction  insitu  and  in  the  laboratory. 
Emphasis  is  placed  on  recent 
technological  developments  which  show 
promise  for  geotechnical  practice.  In 


particular,  the  use  of  thermal 
conductivity  sensors  to  indirectly 
measure  matric  suction  is  discussed. 

Typical  soil  suction  measurements  on 
a  wide  range  of  soils  are  presented. 
The  advantages,  disadvantages,  and  range 
of  measurement  are  discussed  for  each 
suction  device.  The  emphasis  is  on 
obtaining  insitu  suction  measurements. 
Procedures  that  can  be  used  for  the 
insitu  measurements  are  described.  In 
general,  the  paper  is  intended  to  give  a 
state-of-development  in  the  measurement 
of  soil  suction. 

INTRODUCTION 

The  long  term  performance  of  a 
highway  is  strongly  influenced  by  the 
subgrade  soil  conditions.  However, 
generally  the  properties  of  the  subgrade 
are  given  minimal  consideration  in  the 
design  of  a  highway  structure.  This  is 
due  to  the  difficulties  associated  with 
assessing  the  stress  state  and  the 
physical  properties  of  compacted  soils. 
Consequently,  the  subgrade  is  usually 
characterized  in  an  empirical  manner. 
The  resulting  design  procedure  for  the 
pavement  structure  is  quite  different 
from  more  theoretical  procedures 
commonly  used  for  classical  soil 
mechanics  problems. 

The  empirical  approach  to  pavement 
structure  design  is  largely  the  result 
of  difficulties  related  to  measuring  the 
stress  state  in  subgrade  soils  (Fredlund 
and  Rahardjo,  1987).  The  pore-water 
pressures  of  a  newly  compacted  subgrade 
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are  negative  relative  to  atmospheric 
conditions. 

Negative  pore-water  pressures  result 
in  an  increase  in  strength  of  the 
subgrade  soil.  With  time,  the  negative 
pore-water  pressures  in  a  subgrade  soil 
can  change  as  a  result  of  microclimatic 
changes  in  the  vicinity  of  the  pavement 
structure.  Most  pavement  structures 
cannot  perform  satisfactorily  unless  the 
pore-water  pressures  in  the  subgrade 
remain  somewhat  negative.  When  the 
pore-water  pressure  is  referenced  to  the 
pore-air  pressure,  the  resulting  term 
(i.e.,  matric  suction)  is  used  as  one  of 
the  stress  state  variables  to  describe 
the  state  of  the  soil. 

This  paper  presents  the  theory 
related  to  the  components  and  the 
measurements  of  soil  suction.  A  summary 
is  then  given  of  recent  experiences  in 
measuring  soil  suction.  The  emphasis  is 
on  measuring  insitu  soil  suction.  An 
attempt  is  made  to  provide  a  theoretical 
context  for  understanding  the  components 
of  soil  suction  and  then  discussing 
devices  which  show  the  greatest  promise 
for  use  in  geotechnical  engineering. 

THEORY  AND  COMPONENTS  OF  SOIL  SUCTION 

Each  of  the  components  of  suction 
has  an  effect  on  the  partial  water  vapor 
pressure  at  the  air-water  interface 
(Fredlund  and  Rahardjo,  1988). 
Therefore,  a  thermodynamic  context  forms 
a  theoretical  basis  for  understanding 
the  components  of  suction.  Soil  suction 
can  be  related  to  partial  water  vapor 
pressure  through  the  use  of  Kelvin's 
equation. 

RT  u 

♦ - In  [1] 


where: 

t  -  suction  (kPa) 

R  -  universal  (molar)  gas  constant 
(i.e.,  8.31432  J/(mol  K)) 

T  -  absolute  temperature  (i.e., 

T  -  (273.16  +  t° ) (k) ) 
t°  -  temperature  (°C) 
v  -  specific  volume  of  water  or  the 
inverse  of  water  density  (i.e., 

1/pw)  (m3Ag)) 

3 

p  -  water  density  (i.e.,  998  kg/m 
w  at  t°  -  20°C) 

<*)  -  molecular  mass  of  water  vapor 

(i.e.,  18.016  kgArool) 


u  -  partial  pressure  of  pore-water 
vapor  (kPa) 

u  -  saturation  pressure  of  pure 
vo  water  vapor  over  a  flat  surface 
at  the  same  temperature  (kPa) 

If  we  select  a  reference  temperature 
of  20®C,  the  constants  in  Equation  [1] 
give  a  value  of  134,950  kPa. 
Equation  [1]  can  now  be  written  to  give 
a  fixed  relationship  between  suction  in 
kilopascals  and  relative  vapor  pressure. 

*  -  -  134,950  In  %  /  uvQ  [2] 

Equation  [1]  shows  that  the 
reference  state  for  quantifying  the 
components  of  suction  is  the  vapor 
pressure  above  a  flat  surface  of  pure 
water  (i.e.,  water  with  no  salts_  or 
impurities)  (Figure  1).  The  term  uv  / 

uvo  is  called  relative  humidity,  RH  (%). 


SUCTION  .  i //  !  kPo  ) 

Fig.  1  Relationship  Between  Relative 
Humidity  and  Soil  Suction 

Figure  1  shows  a  plot  of 
Equation  (2).  It  can  be  noted  that  a 
slight  reduction  in  relative  humidity 
results  in  extremely  high  suctions.  For 
example,  a  relative  humidity  of  94.24% 
corresponds  to  a  suction  of  8000  kPa. 
The  range  of  suctions  of  interest  in 
geotechnical  engineering  will  correspond 
to  high  relative  humidities. 

Any  phenomenon  which  results  in  a 
reduction  in  the  partial  vapor  pressure 
causes  a  reduction  in  the  relative 
humidity  at  the  air  water  interface,  and 
consequently,  gives  rise  to  soil 
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suction.  Two  phenomena  are  known  to 
produce  a  reduction  in  partial  vapor 
pressure;  namely,  the  presence  of  a 
curved  surface  (i.e.,  a  meniscus)  and 
the  presence  of  salts  in  the  water 
(Figure  2) . 


'f'o  +  Pm  =  P, 

OSMOTIC  4-  M  ATR  l  C  =  TOTAL 


Fig.  2  Illustration  of  Phenomena  Giving 
Rise  to  a  Reduction  in  Partial 
Vapor  Pressure 

The  reduction  in  partial  vapor 
pressure  caused  by  a  curved  (i.e., 
concave)  water  surface  can  be  visualized 
using  a  capillary  tube.  The  water  vapor 
pressure  or  the  relative  humidity 
decreases  as  the  radius  of  curvature  of 
the  water  surface  decreases.  At  the 
same  time,  the  radius  of  curvature  is 
inversely  proportional  to  the  difference 
between  the  air  and  water  pressures 
across  the  surface  (i.e.,  (ug  -  i^)). 

The  (u  -  u  )  term  is  called  the  matric 

9  W 

suction;  where:  u  is  pore-air  pressure 
3 


and  uw  is  pore-water  pressure.  This 

means  that  one  component  of  the  total 
suction  is  matric  suction  and  it  causes 
a  reduction  in  the  relative  humidity  at 
the  air-water  interface. 

The  pcre-water  in  a  soil  generally 
contains  dissolved  salts  (i.e.,  a 
solvent).  The  partial  vapor  pressure 
over  a  flat  surface  of  solvent  is  less 
than  the  vapor  pressure  over  a  flat 
surface  of  pure  water.  In  other  words, 
the  relative  humidity  decreases  with 
increasing  dissolved  salts  in  the 
pore-water  in  the  soil.  The  decrease  in 
relative  humidity  due  to  the  presence  of 
dissolved  salts  in  the  pore-water  is 
referred  to  as  the  osmotic  suction.  In 
summary,  total  suction,  ^t,  can  be 

considered  as  the  sum  of  the  matric 
suction  and  the  osmotic  suction. 

♦t  "  (ua  ~  V  f  *o  t3) 

Table  1  shows  typical  matric, 
osmotic  and  total  suction  values  for  two 
soils  which  commonly  form  the  subgrade 
for  roads  built  in  the  province  of 
Saskatchewan,  Canada  (Krahn  and 
Fredlund,  1972).  The  Regina  Clay  is  a 
highly  plastic,  inorganic  clay  with  a 
liquid  limit  of  78%  and  a  plastic  limit 
of  31%.  The  glacial  till  has  a  liquid 
limit  of  34%  and  a  plastic  limit  of  17%. 
Suction  values  are  given  for  soils 
compacted  to  standard  AASHO  conditions 
with  the  water  contents  at  optimum  and  2 
percent  below  optimum.  The  relationship 
between  the  suction  components  along 
with  their  significance  to  subgrade 
performance  are  discussed  later  in  this 
paper . 

Figure  3  shows  experimental  data 
illustrating  that  the  matric  plus  the 


Table  1 

Typical  Suction  Values  for  Compacted  Soils 

Water  Matric  Osmotic  Total 

Soil  Type  Content  Suction  Suction  Suction 

(%) 


Regina  Clay 

30.6 

(optimum) 

273 

187 

460 

w  -  87-9  rcF 

28.6 

354 

202 

556 

Glacial  Till 

15.6 

(optimum) 

310 

290 

600 

W  -  122.! 5  PCF 

13.6 

556 

293 

849 

osmotic  components  of  suction  do  indeed 
equal  the  total  suction  of  the  soil. 
The  data  presented  is  for  Regina  Clay 
specimens  compacted  under  Standard  AASHO 
conditions  at  various  initial  water 
contents.  Each  of  the  soil  suction 
values  were  measured  independently. 

t*e  ..  C  r - T - 1 - T - ~~r - t - 1 

'  o  T ;;  „ T  v.  n  ;  r  chrome TER  :  __ 

q  •  VATRIC  SoCTm.N  (NULL  TYPE  PRESSURE  ArE  • 

^  a  OS  ML  T  ;C  SUCt-LN  (  SQUEEZE  TECHNIQUE:  ” 

^  - .:SMk,Ti,;  PLUS  MATR'C  SuCTi-jN 

\ 


\tOTAL 

\SUCTION 


WATER  CONTENT (%> 

Fig.  3  Total,  Matric,  and  Osmotic 
Suction  for  Regina  Clay  (From 
Krahn  and  Fredlund,  1972) 

The  role  of  osmotic  suction  has 
commonly  been  associated  more  with 
unsaturated  soils  than  with  saturated 
soils.  In  reality,  dissolved  salts  are 
present  in  both  saturated  and 
unsaturated  soils.  Therefore,  the  role 
of  osmotic  suction  bears  similarly  upon 
the  behavior  of  both  saturated  and 
unsaturated  soils.  Changes  in  osmotic 
suction  due  to  changes  in  salt  content 
will  affect  the  mechanical  behavior  of  a 
soil.  However,  osmotic  suction  changes 
are  not  generally  taken  into  account  in 
an  analysis  for  either  saturated  or 
unsaturated  soils  if  their  changes  have 
been  simulated  during  the  laboratory 
measurement  of  soil  properties. 
Therefore,  it  is  generally  the  matric 
suction  component  which  is  of  interest 
in  geotechnical  engineering. 

Natural  microclimatic  processes  such 
as  precipitation  and  evaporation  (and 
evapotranspi ration)  impose  a  flux  con¬ 
dition  at  the  ground  surface.  The  net 
flux  can  be  viewed  as  subsequently  pro¬ 


ducing  changes  in  the  matric  suction 
within  the  soil  profile.  The  changes 
occur  as  a  result  of  the  movement  of 
water  through  the  soil. 

If  the  engineer  is  primarily 
interested  in  measuring  and/or  pre¬ 
dicting  changes  in  matric  suction,  the 
question  could  be  asked,  "Why  should  the 
engineer  be  interested  in  measuring 
osmotic  or  total  suction?"  Osmotic  and 
total  suction  are  truly  of  secondary 
interest  from  the  standpoint  of  ana¬ 
lysing  most  engineering  problems. 
However,  these  components  may  be  of 
interest  for  the  following  reasons: 

1)  There  are  situations  where  the 
interest  is  only  in  the  change  of 
matric  suction.  Since  osmotic 
suction  remains  relatively  constant 
over  a  considerable  water  content 
range,  a  change  in  total  suction 
would  be  approximately  equal  to  a 
change  in  matric  suction. 

2)  For  certain  suction  ranges,  it  might 
be  easier  to  measure  total  suction 
than  matric  suction.  Therefore,  by 
measuring  total  suction  and  sub¬ 
tracting  the  osmotic  suction,  it  is 
possible  to  obtain  the  matric 
suction. 

Another  way  to  v?  su*1 ize  the 
predominant  importance  of  matric  suction 
is  by  realizing  that  the  engineer  is 
primarily  interested  in  knowing  the 
negative  pore-water  pressure  in  the 
soil.  In  general,  the  negative  pore- 
water  pressure  is  numerically  equal  to 
the  matric  suction  since  the  pore-air 
pressure  is  atmospheric.  Volume  change, 
shear  strength,  and  seepage  analyses  all 
require  an  understanding  of  the  pore- 
water  pressure.  In  this  sense,  satur¬ 
ated  and  unsaturated  soil  mechanics 
analyses  are  similar.  The  difficulty  in 
directly  measuring  highly  negative  pore- 
water  pressures  gives  rise  to  the  study 
of  soil  suction  measurements. 

DEVICES  USED  TO  MEASURE  SOIL  SUCTION 

Several  devices  commonly  used  for 
measuring  soil  suction  are  listed  in 
Table  2.  Also  shown  are  their  range  of 
applicability  and  comments  related  to 
their  performance. 

MATRIC  SUCTION  MEASUREMENTS 

Matric  suction  measurements  are  of 
greatest  importance  in  geotechnical 
engineering.  All  three  of  the  devices 
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Table  2 


Devices  for  Measuring  Suction 


Name  of  device 

Suction  component 
measured 

Range  ( kPa ) 

Commc::te 

Null  type  pressure 
plate 

Matric 

0  to  500 

Range  for  measurement 
is  a  function  of  the 
air  entry  value  of  the 
ceramic  disc. 

Tensiometers 

Negative  pore-water 
pressures  or  matric 
suction  when  pore- 
air  pressure  is 
atmospheric 

0  to  -  90 

Difficulties  with 
cavitation  and  air 
diffusion  through 
ceramic  cup 

Thermal 

conductivity 

sensors 

Matric 

0  to  -  400+ 

Indirect  measurement 
on  a  porous  ceramic 
sensor 

Psychrometers 

Total 

100*  to 
~  8,000 

Constant  temperature 

environment 

required 

Filter  paper 

Total 

(Entire 
range ) 

May  measure  matric 
suction  when  in 
contact  with  moist 
soil 

Pore  fluid 
squeezer 

Osmotic 

(No  limit) 

Used  in  conjunction 
with  a  psychrometer  or 
electrical  conductivity 
measurement 

♦Controlled  temperature  environment  to  ±  0.001°C 


mentioned  in  Table  2  can  be  used  in  the 
laboratory.  The  thermal  conductivity 
sensors  give  an  indirect  measure  of 
matric  suction.  Considerable  research 
is  presently  underway  on  these  sensors, 
and  they  show  promise  for  use  in  geo¬ 
technical  engineering.  Each  of  the 
devices  is  discussed  below. 

Null  Type  Pressure  Plate 

Null  Type  Pressure  Plates  utilize 
the  axis-translation  technique  and  can 
measure  matric  suction  over  a  wide 
range.  The  axis-translation  was 
developed  and  used  by  Hi  If  in  the  late 
1940 's  to  measure  negative  pore-water 
prtssures  less  than  zero  absolute 
pressure  (Hilf,  1948).  This  apparatus 
has  been  used  for  over  30  years  to 


measure  suctions  in  the  laboratory. 
However,  there  is  still  little 
information  in  the  literature  on  the  use 
of  this  technique  (Bockinq  and  Fredlund, 
1980). 

Figure  4  shows  a  schematic  layout  of 
a  Null  Type  Pressure  Plate  apparatus. 
It  is  also  necessary  for  the  apparatus 
to  have  a  flushing  system  to  remove  air 
bubbles  from  below  the  high  air-entry 
disc  in  order  to  keep  the  compartment 
above  the  transducer  saturated  with 
water.  Also  shown  are  some  numbers 
illustrating  how  a  highly  negative 
pore-water  pressure  can  be  measured 
using  this  apparatus. 

Let  us  suppose  that  a  soil  specimen 
has  an  initial  pore-water  pressure  of 
-250  kPa  when  it  is  placed  on  the 
(saturated)  high  air  entry  disc.  The 
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specimen  will  immediately  attempt  to 
draw  water  up  through  the  ceramic  disc 
causing  the  pressure  transducer  to  start 
registering  a  negative  value.  The  cover 
is  quickly  placed  on  the  top  of  the 
device,  and  the  air  pressure  in  the 
chamber  is  increased  until  there  is  no 
further  tendency  for  the  movement  of 
water  through  the  high  air  entry  disc. 
At  equilibrium,  the  chamber  air  pressure 
may  be  255  kPa  while  the  water 
compartment  may  register  5  kPa. 
Therefore,  the  matric  suction  of  the 
soil  is  250  kPa. 


INITIAL  EQUILIBRIUM 

STRESSES  STRESSES 


cr  ■-  o  <x  *  u, 

U.,  *0  (ATMOSPHERIC)  u,  ■  255  kPa 

U.  ■  -  250  kPa  u„  >  +5 

STRESS  STATE  STRESS  STATE 

(  cr  -  u,  )  *  0  (  cr  -  )  ■  0 

(  u.  -  u*  )  =  +  250  kPo  |U,-U.)  ■  250  kPo 

Fig.  4  Schematic  of  a  Null  Type 
Pressure  Plate  Apparatus  for 
Measuring  Matric  Suction 


Several  typical  Null  Type  Pressure 
Plate  results  on  Regina  Clay  are  shown 
in  Figure  5.  The  response  time  is  a 
function  of  the  permeability  charac¬ 
teristics  of  the  high  air  entry  disc  and 
the  soil.  For  the  test  data  shown,  the 
high  air  entry  disc  was  0.125  inches  in 
thickness.  Some  air  diffused  through 
the  water  in  the  disc  as  was  evident  by 
air  slowly  accummulating  below  the  high 
air  entry  disc.  As  a  result,  the 
suction  measurements  show  a  slight  drop 
after  about  12  hours.  Thicker  high  air 
entry  discs  (i.e.,  0.250  or  0.275 


inches)  generally  function  in  a  superior 
manner. 


TlVE  'minutes 


Fig.  5  Development  of  Matric  Suction  in 
Statically  Compacted  Regina  Clay 
(From  Pufahl,  1970) 

The  range  over  which  soil  suctions 
can  be  measured  is  a  function  of  the  air 
entry  value  of  the  ceramic  discs.  The 
air  entry  discs  are  generally  purchased 
from  Soilmoisture  Equipment  Corporation, 
Santa  Barbara,  California,  to  the  speci¬ 
fications  desired.  Permeability  and  air 
entry  values  for  standard  ceramic  discs 
available  from  Soilmoisture  Equipment 
Corporation  are  shown  in  Table  3. 

Tensiometers 

A  tensiometer  measures  the  negative 
pore-water  pressure  in  a  soil.  Thi 
tensiometer  consists  of  a  porous 
ceramic,  high  air-entry  cup  connected  to 
a  pressure  measuring  device  through  a 
small  bore  capillary  tube.  The  tube  and 
the  cup  are  filled  with  deaired  water. 
The  cup  can  be  inserted  into  a  precored 
hole  u ic . Aw*  good  contact  with 

the  soil.  After  equilibrium  has  been 
achieved,  the  water  in  the  tensiometer 
will  have  the  same  negative  pressure  as 
the  pore-water  in  the  soil.  The  water 
pressure  that  can  be  measured  in  a 
tensiometer  is  limited  to  approximately 
negative  90  kPa  due  to  the  possibility 
of  cavitation  of  the  water  in  the 
tensiometer.  The  measured  negative 
pore-water  pressure  is  numerically  equal 
to  the  matric  suction  when  the  pore-air 
pressure  is  atmospheric  (i.e.,  u 

a 

equals  to  zero  gauge  pressure).  When 
the  pore-air  pressure  is  greater  than 
atmospheric  pressure  (i.e.,  axis- 
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Table  3 

Summary  of  the  Properties  o£  High  air  Entry  Ceramic  Discs* 

Type  of  Bubbling  Pressure  Permeability  Radius  of  largest 

Ceramic  (kPa)  (cn/sec)  Pore  (cm) 


1/2  Bar 

48  -  62 

1  Bar  (low  flow) 

137  -  206 

1  Bar  (high  flow) 

130  -  192 

2  Bar 

240  -  309 

3  Bar 

316  -  481 

5  Bar 

>  550 

15  Bar 

>  1510 

3.17 

X 

10~5 

2.6 

X 

10“4 

3.5 

X 

10~7 

8.5 

X 

10~5 

8.8 

X 

10~6 

8.8 

X 

io-5 

1.76 

X 

10~7 

5.3 

X 

io-5 

1.76 

X 

10-7 

3.7 

X 

10~5 

1.23 

X 

10“7 

2.7 

X 

10'5 

2.64 

X 

10-7 

0.96 

X 

10~5 

♦Results  computed  from  data  published  by  Soilmoisture  Equipment  Corporation 


translation)  the  tensiometer  reading  can 
be  added  to  the  pore-air  pressure 
reading  to  give  the  matric  suction  of 
the  soil.  The  measured  matric  suction 
must  not  exceed  the  air  entry  value  of 
the  ceramic  cup.  The  osmotic  component 
of  soil  suction  will  not  be  measured  by 
tensiometers  since  soluble  salts  are 
free  to  flow  through  the  porous  cup. 

There  are  several  types  of  tensio¬ 
meters  available  from  Soilmoisture 
Equipment  Corporation,  Santa  Barbara, 
California,  U.S.A.  Figure  6  shows  two 
types  of  tensiometers.  Slow  diffusion 
of  air  through  the  high  air  entry  cup  is 
a  problem  common  to  all  tensiometers. 
As  air  diffuses  through  the  water  in  the 
ceramic  cup,  the  pressure  being  read  on 
the  gauge  slowly  increases  towards  zero 
(i.e.,  atmospheric  pressure).  The 
coaxial  leads  shown  on  some  of  the 
tensiometers  are  provided  for  the 
purpose  of  flushing  the  diffused  air  (or 
services  the  tensiometers).  Usually 
this  procedure  is  required  on  a  daily 
basis  and  it  is  sometimes  difficult  to 
get  an  accurate  suction  measurement 
because  of  the  water  moving  from  the 
tensiometer  into  the  soil. 

The  Quick  Draw  tensiometer  has 
proven  to  be  a  particularly  useful 
portable  tensiometer  to  rapidly  measure 
negative  pore-water  pressures 
(Figure  7).  The  water  in  the  tensio¬ 
meter  is  subjected  to  tension  for  only  a 


short  period  of  time  during  each  meas¬ 
urement.  Therefore,  air  diffusion 
through  the  ceramic  cup  with  time  is 
minimized.  The  Quick  Draw  tensiometer 
can  repeatedly  measure  pore-water  pres¬ 
sures  approaching  minus  one  atmosphere 
when  it  has  been  properly  serviced. 
When  it  is  not  in  use,  the  probe  is 
maintained  saturated  in  a  carrying  case 
which  has  water  saturated  cotton  sur¬ 
rounding  the  ceramic  cup.  Figure  8 
illustrates  the  distribution  of  matric 
suction  along  a  trench  excavated  per¬ 
pendicular  to  a  railway  embankment  in 
British  Columbia,  Canada.  The  embank¬ 
ment  soil  consisted  predominantly  of 
unsaturated  silt.  The  negative  pore- 
water  pressures  were  measured  on  the 
sidewalls  of  the  trench  using  a  Quick 
Draw  tensiometer. 

Thermal  Conductivity  Sensors 

A  thermal  conductivity  sensor 
indirectly  measures  the  matric  suction 
in  a  soil .  The  sensor  consists  of  a 
porous  ceramic  block  containing  a  tem¬ 
perature  sensing  element  and  a  miniature 
heater.  Measurements  are  made  by 
inserting  the  sensor  into  a  pre-drilled 
hole  in  the  soil  and  allowing  the  matric 
suction  in  the  ceramic  block  to  come  to 
equilibrium  with  the  matric  suction  in 
the  soil.  The  equilibrium  matric 
suction  is  related  to  the  water  content 
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Fig.  7  "Quick  Draw"  Tensiometer  from 
Soilmoisture  Equipment  Cor¬ 
poration 


CERAMIC 
SENSING  TIP 


a)  Regular  Tensiometer 


A  "O'  RING  vacuum  SEAl 
8  INNER  NYLON  Tube 
C  VENT  SCREW 
L  *0‘  R  NG  RETAINER 


b)  Small  Tip  Tensiometer  with 
Coaxial  Tubing 


Fig.  6  Two  Tensiometer  Models  Manu¬ 
factured  by  Soilmoisture 
Corporation,  Santa  Barbara, 
California 


in  the  porous  block.  The  amount  of 
water  in  the  porous  block  affects  the 
rate  of  heat  dissipation  within  the 
block.  Therefore,  the  water  content  in 
the  porous  block  can  be  measured  indi¬ 
rectly  by  measuring  the  heat  dissipation 
of  the  block.  This  is  accomplished  by 
generating  a  controlled  amount  of  heat 
at  the  center  of  the  porous  block  and 
measuring  the  temperature  rise  at  the 
same  point  after  a  fixed  period  of  time. 
More  heat  will  be  dissipated  throughout 
the  block  with  increasing  water  content 
in  the  block.  The  undissipated  heat 
causes  a  temperature  rise  that  is 
inversely  proportional  to  the  water 
content  in  the  porous  block.  As  a 
result,  the  measured  temperature  rise 
can  be  calibrated  to  measure  the  matric 
suction  in  the  soil. 

The  thermal  conductivity  sensor 
calibration  can  be  conducted  using  a 
pressure  plate  apparatus.  A  pressure 
plate  set  up  for  calibrating  the  sensor 


Fig.  8  Matric  Suction  Contours  along  a 
Railway  Embankment  (From  Krahn, 
Fredlund,  and  Klassen,  1987) 
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4  LEAD  WI4ES 


is  shown  in  Figure  9  together  with  a 

cross-section  of  a  sensor.  The  height 

of  the  pressure  chamber  was  increased  in 

order  to  provide  several  circular  holes 

along  the  chamber  wall.  The  holes  are 

used  to  connect  several  sensors  to  the 

read-out  device  or  data  acquisition 

system.  Several  sensors  are  first 

installed  in  a  soil  mixture  which  is 

placed  on  the  pressure  plate.  A 

desired  matric  suction,  (u  -  u,),  is 

a  w 

then  applied  to  the  soil  mixture 
by  applying  an  air  pressure,  ug,  and 

maintaining  a  zero  water  pressure  below 
the  ceramic  disc.  The  pore-water  will 
flow  out  from  the  soil  mixture  and 
collect  in  a  volume  change  indicator. 
The  water  outflow  will  cease  when  equi¬ 
librium  is  attained.  During  calibra¬ 
tion,  the  pressure  plate  setup  is 
contained  within  a  temperature  con¬ 
trolled  box.  The  response  of  each 
sensor  is  monitored  periodically  until 
equilibrium  is  achieved.  The  reading  at 
equilibrium  is  used  in  the  calibration 
of  the  sensor.  The  above  procedure  is 
repeated  for  various  applied  matric 
suctions  to  provide  a  calibration  curve 
(Fredlund  and  Wong,  1989). 

A  thorough  calibration  study  on 
AGWA-II  thermal  conductivity  sensors  has 
been  completed  recently  at  the  Uni¬ 
versity  of  Saskatchewan,  Canada  (Wong 
and  Ho,  1987).  The  AGWA-II  sensors  used 
in  the  study  were  manufactured  by 
Agwatronics  Incorporation,  Merced, 
California,  U.S.A.  Typical  results 
indicate  a  non-linear  calibration  curve 

BoRE  . 


WATER  C  ~TF„:a 


a)  Modified  Pressure  Plate 
Apparatus 
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temperature 

SENSING 

integrated 

CIRCUIT 


b)  Cross-section  of  Sensor 

Fig.  9  Pressure  Plate  Setup  for 
Calibrating  Thermal  Conductivity 
Sensors  (From  Wong  and  Ho,  1987) 

which  may  be  approximated  by  a  bilinear 
curve  as  illustrated  in  Figure  10.  The 
breaking  point  of  the  calibration  curve 
was  found  to  be  around  175  kPa.  It  has 
been  found  that  relatively  accurate 
measurements  of  matric  suctions  can  be 
expected  from  the  AGWA-II  sensor  in  the 
range  of  0  to  175  kPa.  Matric  suction 
measurements  above  175  kPa  correspond  to 
a  steeper  calibration  curve  with  a  lower 
sensitivity.  In  general,  the  sensors 
also  produced  consistent  and  stable 
output  with  time.  There  were,  however, 
situations  where  difficulties  were 
encountered  with  the  sensors  and  these 
are  described  by  Wong  et  al  (1989). 


SENSOR  RE  iNG  (  mV  ) 


Fig.  10  Calibration  Curves  for  Two 
AOJA-II  Thermal  Conductivity 
Sensors  from  Agwatronics  Incor¬ 
porated  (From  Wong  and  Ho, 
1987) 
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The  AGWA-II  thermal  conductivity 
sensors  have  been  used  for  laboratory 
measurements  of  matric  suction  on 
numerous  soils.  Figure  11  shows  the 
results  on  a  highly  plastic  clay  from 
Sceptre,  Saskatchewan,  Canada.  The 
measurements  were  performed  using  two 
sensors.  One  sensor  was  initially 
saturated  while  the  other  sensor  was 
initially  dry.  The  responses  of  both 
sensors  were  monitored  immediately  and 
at  various  elapsed  times  after  their 
installation,  ttie  results  indicate  that 
the  equilibrium  time  required  for  the 
initially  dry  sensor  is  less  than  the 
equilibrium  time  for  the  initially 
saturated  sensor.  The  initially  dry 
sensor  required  about  4  days  to 
equilize,  whereas  the  initially  wet 
sensor  required  about  16  days. 


Fig.  11  Laboratory  Measurements  of 
Matric  Suction  Using  the 
AGWA-II  Thermal  Conductivity 
Sensors 

The  results  from  several  other 
laboratory  tests  using  the  AGWA-II  sen¬ 
sors  are  shown  on  the  following  figures. 
The  results  shown  in  Figures  12,  13  and 
14  were  from  samples  of  highly  plastic 
Regina  Clay.  The  samples  were  from 
below  the  floor  slab  of  Darke  Hall  in 
Regina,  Saskatchewan  and  were  supplied 
by  Clifton  Associates,  Regina.  In  each 
case  initially  wet  and  dry  sensors  were 
placed  in  opposite  ends  of  undis¬ 
turbed,  3  and  1/2  inch  diameter  shelby 
tube  samples.  The  equilibrium  suctions 
for  both  sensors  in  each  sample  are 
similar.  The  measured  matric  suctions 
show  a  direct  relationship  to  their 
natural  water  content. 

On  another  study,  a  large  number  of 
undisturbed  samples  were  taken  from  the 
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Fig.  12  Matric  Suction  Measurements  on 
Regina  Clay  from  a  Depth  of 
0.52  Metres 


Fig.  13  Matric  Suction  Measurement  on 
Regina  Clay  from  a  Depth  of 
4.65  Metres 

Lake  Agassiz  clay  below  the  railway  in 
Winnipeg,  Manitoba.  The  results  were 
corrected  for  the  effect  of  overburden 
unloading  during  sampling  and  then 
plotted  as  negative  pore-water  pressures 
in  Figure  15.  The  average  matric  suc¬ 
tion  was  99  kPa  in  the  upper  4  meters. 
The  suction  then  decreased  to  zero  at  5 
and  1/2  meters,  the  depth  at  which  the 
groundwater  table  was  measured  in  the 
field.  The  samples  were  from  a  number 
of  boreholes  along  a  section  of  the 
railway  and  do  not  necessarily  depict 
the  variation  that  may  be  found  in 
single  boreholes. 

The  AGWA-II  sensors  have  also  been 
used  for  measuring  matric  suction  in  a 
highway  test  track  with  a  controlled 
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Fig.  14  Matric  Suction  Measurement  on 
Regina  Clay  from  a  Depth  of 
1.03  Metres 


Fig.  15  Negative  Pore-water  Pressure 
Data  for  Undistributed  Samples 
from  Lake  Agassiz  Clay  near 
Winnipeg  (Clifton,  Lam  and 
Sattler,  1988) 

environment  (i.e.,  controlled  tem¬ 
perature  and  humidity).  Typical  results 
on  a  glacial  till  subgrade  are  presented 
in  Figure  16.  The  measured  matric 
suctions  are  constant  with  time  and  the 
water  contents  show  a  reasonable  de¬ 
crease  in  matric  suction  with  respect  to 
depth  and  water  content. 

TOTAL  SUCTION  MEASUREMENTS 

Two  techniques  have  been  used  to 
measure  the  total  suction  in  a  soil; 
namely,  the  use  of  psychrometers  and 
filter  paper. 


Fig.  16  Field  Measure  nts  of  Matric 
Suction  Using  the  AGWA-II 
Thermal  Conductivity  Sensors 
under  Controlled  Environments 

PSYCHRQMETI3RS 

Thermocouple  psychrometers  are  used 
to  measure  the  total  suction  in  a  soil 
by  measuring  the  relative  humidity,  RH, 
in  the  soil.  Total  suction  is  related 
to  relative  humidity  in  accordance  with 
Equation  1.  Details  of  the  thermocouple 
psychrometer  are  shown  in  Figure  17a. 
The  measurements  of  total  suction  are 
conducted  by  placing  a  soil  specimen  in 
a  small  chamber  together  with  the 
psychrometer  (Figure  17b).  The  relative 
humidity  is  then  measured  after  equi¬ 
librium  is  attained  between  the  air  near 
the  psychrometer  and  the  pore-air  in  the 
soil.  Equilibrium  at  relative  humi¬ 
dities  approaching  100  percent  are 
difficult  to  obtain  since  the  slightest 
lowering  of  temperature  may  cause 
condensation  of  water  vapor.  The  lower 
limit  of  total  suction  measurements 
using  a  psychrometer  is  approximately 
100  kPa  under  a  controlled  temperature 
environment.  At  100  kPa,  a  controlled 

temperature  environment  of  io.001°C  is 
required  in  order  to  measure  total 
suctions  to  an  accuracy  of  10  kPa  (Krahn 
and  Fredlund,  1972).  The  thermocouple 
psychrometer  is  capable  of  measuring 
total  suctions  up  to  8000  kPa  (Edil  and 
Motan,  1984).  Therefore,  psychrometers 
can  be  used  for  measuring  high  suctions 
in  soils  from  arid  regions.  Insitu 
measurements  of  total  suctions  using 
psychrometers  are  not  recommended 
because  of  significant  temperature 
fluctuations  which  occur  in  the  field. 
However,  laboratory  measurements  can  be 
conducted  in  a  controlled  temperature 
environment  using  undisturbed  soil 
specimens  from  the  field.  The  specimens 
should  not  be  covered  with  hot  wax 
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SUCTION  (  KPq  ) 


following  sampling,  since  temperature 
changes  alter  the  relative  humidity  in 
the  soil.  Figure  18  illustrates 
measurements  of  total  suctions  on  soil 
samples  from  '  various  depths  at  a 
location  near  Regina,  Saskatchewan, 
Canada . 


.✓-COPPER*  CHROMEL 


a)  Thermocouple  Psychrometer 
Details 


SOIL 

r  SPECIMEN 


b)  Chamber  with  Soils 

Specimen  and  Psychrometer 

Fig.  17  Details  of  Thermocouple  Psy¬ 
chrometer  Manufactured  by 
J.R.D.  Merrill  Specialty  Equip¬ 
ment,  Logan,  Utah,  U.S.A. 


Filter  Paper 

Theoretically,  the  filter  paper 
method  can  be  used  to  measure  the  total 
or  matric  suction  of  a  soil.  The  method 
is  based  on  the  assumption  that  a  filter 
paper  can  come  to  equilibrium  (i.e., 
with  respect  to  water  flow)  with  a  soil 
having  a  specific  suction.  The  equi¬ 
librium  can  be  reached  by  water  exchange 
between  the  soil  and  the  filter  paper  in 
a  liquid  or  vapor  form.  When  a  dry 
filter  paper  is  placed  in  contact  with  a 
soil  specimen,  moisture  flow  takes  place 
from  the  soil  to  the  paper  until  equi¬ 
librium  is  achieved  (Figure  19).  When  a 
dry  filter  is  suspended  above  a  soil 
specimen  (i.e.,  no  contact  with  the 
soil)  the  vapor  flow  of  water  should 
occur  from  the  soil  to  the  paper  until 
equilibrium  is  obtained  (Figure  19). 
Having  established  equilibrium  con- 
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Fig.  18  Suction  Profile  Versus  Depth 
Obtained  Using  Thermocouple 
Psychrometers  and  the  Filter 
Paper  Method  (From  van  der 
Raadt,  Fredlund,  Clifton, 
Klassen  and  Jubien,  1987) 


Fig.  19  Contact  and  Non-contact  Filter 
Paper  Method  for  Measuring 
Matric  and  Total  Suctions, 
respectively  ( From  Al-Khafaf 
and  Hanks,  1974) 
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ditions,  the  water  content  in  the  filter 
paper  cam  be  measured.  The  filter  paper 
water  content  is  related  to  a  suction 
value  through  use  of  the  filter  paper 
calibration  curve  as  illustrated  in 
Figure  20.  Theoretically,  the  equi¬ 
librium  water  content  of  the  filter 
paper  corresponds  to  the  soil  matric 
suction  when  the  paper  is  placed  in 
contact  with  the  soil  and  liquid  flow 
occurs.  On  the  other  hand,  the 
equilibrium  water  content  of  the  filter 
paper  corresponds  to  the  total  suction 
of  the  soil  if  the  pape~r  Ti  not  in 
contact  with  the  soil  and  only  vapor 
flow  occurs.  The  filter  paper  method 
can  be  used  to  measure  almost  the  entire 
range  of  suctions. 


Fig.  20  A  Typical  Calibration  Curve  for 
Filter  Paper  (From  McQueen  and 
Miller,  1968) 

A  comparison  between  the  results  of 
suction  measurements  using  filter  papers 
and  psychrometers  is  shown  in  Figure  18. 
The  results  from  the  non-contact  filter 
paper  agreed  closely  with  the  psychro- 
meter  results  indicating  that  total 
suction  was  measured. 

However,  the  contact  filter  paper 
did  not  exhibit  consistent  results  with 
respect  to  depth.  This  is  believed  to 
be  due  to  poor  contact  between  the 
filter  paper  and  the  soil  specimen  that 
resulted  in  the  total  suction  being 
measured  instead  of  the  matric  suction 
(i.e.,  in  the  depth  range  of  0  to  5  m  in 
Figure  18) . 

In  other  words,  it  is  difficult  to 
ensure  good  contact  between  the  soil  and 
the  filter  paper.  For  this  reason, 
total  suction  will  generally  be  measured 
when  using  the  filter  paper  technique. 

Figure  21  shows  the  results  of 
filter  paper  measurements  of  total  suc¬ 
tion  on  a  highly  plastic  clay  from 
Eston,  Saskatchewan  (Ching  and  Fredlund, 
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Fig.  21  Total  Suction  Profile  for  Eston 
Clay  Using  the  Filter  Paper 
Technique 

1984).  While  augering  3  boreholes, 
water  content  samples  were  taken  at 
about  1  foot  (0.3  m)  intervals.  Three 
filter  papers  were  included  in  each 
glass,  water  content  container  and 
specimens  were  allowed  to  equilibrate 
for  one  week.  The  measured  suction  on 
the  highly  swelling  clay  ranged  from 
2000  to  6000  kPa.  Although  there  is  no 
direct  confirmation  of  these  measure¬ 
ments,  they  appear  to  be  reasonable  for 
the  Eston  Clay  deposit. 

It  may  be  possible  to  use  the  filter 
paper  technique  for  insitu  measurements 
of  (total)  suction.  A  proposed  scheme 
for  measuring  suctions  in  subgrade  soils 
is  shown  in  Figure  22.  The  filter 
papers  would  be  left  in-place  for  about 
one  week  and  then  removed  for  the 
measurement  of  its  water  content.  New 
filter  papers  could  then  be  installed 
and  allowed  to  equalize  for  another 
week.  Although  this  scheme  has  not  been 
used  to-date,  it  appears  to  have 
possibilities  as  a  low  cost,  approximate 
technique  to  evaluate  suction. 

It  should  be  emphasized  that  the 
filter  paper  technique  is  highly  user 
dependent  and  great  care  must  be  taken 
in  measuring  the  water  content  of  the 
filter  paper.  The  balance  must  be  able 
to  weigh  to  the  nearest  0.0001  gram. 
Each  dry  filter  paper  weighs  about  0.52 
grams  and  at  a  water  content  of  30%,  the 
weight  of  water  in  the  filter  paper 
would  be  0.16  grams. 
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Fig.  22  Proposed  Scheme  Using  Filter 
Papers  to  Measure  Total  Suction 


the  osmotic  suction  of  the  soil.  The 
pore-water  in  the  soil  can  be  extracted 
using  a  pore  fluid  squeezer  which  con¬ 
sists  of  a  heavy-walled  cylinder  and 
piston  squeezer  (Figure  23).  The 
electrical  resistivity  (or  electrical 
conductivity)  of  the  pore-water  is  then 
measured.  A  calibration  curve 

(Figure  24)  can  be  used  to  relate  the 
electrical  conductivity  to  the  osmotic 
pressure  of  the  soil. 

? 
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In  general,  the  filter  paper  appears 
to  provide  more  of  an  indication  of  the 
suction  magnitude  in  the  soil  rather 
than  an  absolute  value.  Further  re¬ 
search  may  lead  to  improvements  in  the 
technique . 

OSMOTIC  SUCTION  MEASUREMENTS 

Several  procedures  can  be  used  to 
measure  the  osmotic  suction  of  the  soil. 
For  example,  it  is  possible  to  add 
distilled  water  to  a  soil  until  the  soil 
is  in  a  fluid  condition,  then  drain  off 
some  effluent,  measure  its  conductivity 
and  linearly  extrapolate  the  osmotic 
suction  back  to  the  natural  water  con¬ 
tent  conditions.  This  is  known  as  the 
saturation  extract  procedure.  Although 
the  procedure  is  simple,  it  does  not 
yield  an  accurate  measurement  of  the 
osmotic  suction  (Krahn  and  Fredlund, 
1972).  A  psychrometer  could  also  be 
placed  over  the  extract  to  measure  the 
osmotic  suction  but  this  procedure, 
likewise,  gives  poor  results.  It  is  the 
pore  fluid  squeezer  technique  that  has 
proven  to  give  reasonable  measurements 
of  matric  suction. 
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Fig.  23  Pore  Fluid  Squeezer  (From 
Manheim,  1966) 


SUMMARY 


Pore  Fluid  Squeezer 

The  osmotic  suction  of  a  soil  can  be 
determined  by  measuring  the  electrical 
conductivity  of  pore-water  from  the 
soil.  Pure  water  has  a  low  electrical 
conductivity  in  comparison  to  the  pore- 
water  that  contains  dissolved  salts. 
Therefore,  the  electrical  conductivity 
of  the  pore-water  from  the  soil  can  be 
used  to  indicate  the  total  concentration 
of  dissolved  salts  which  is  related  to 


Several  devices  for  measuring  total, 
matric,  and  osmotic  suctions  have  been 
described  in  this  paper.  Techniques  and 
limitations  associated  with  each  device 
are  outlined.  More  research  is  required 
on  the  measurement  of  suction.  However, 
it  is  now  possible  to  measure  the  com¬ 
ponents  of  soil  suction  for  engineering 
projects.  The  best  procedures  and 
devices  vary,  depending  primarily  upon 
the  range  of  suction  being  measured  and 
the  accuracy  required. 
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{  millimho$/cm  )  or  (  EC  x  I O1  ) 

Fig.  24  Osmotic  Pressure  Versus  Elec¬ 
trical  Conductivity  Relation¬ 
ship  for  Pore-water  Contain¬ 
ing  Mixtures  of  Dissolved  Salts 
(From  USDA  Agricultural  Hand¬ 
book  No.  60,  1950) 
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ABSTRACT 


Excess  pore  water  pressures  can  be 
the  cause  of  instability  in  soils. 

In  freezing  and  thawing  ground,  ice 
dams  may  be  formed  which  impede  the  free 
drainage  of  the  soils  and  create  un¬ 
stable  conditions. 

Observation  wells  and  standpipe 
piezometers  in  conjunction  with  simple 
dipmeters  are  useful  in  monitoring  the 
level  of  the  local  water  table.  In-situ 
pore  pressures,  at  particular  locations, 
can  be  measured  using  piezometers 
operating  with  either  pneumatic,  vibrating 
wire  or  electrical  strain  gage  type 
transducers. 

Care  must  be  taken  to  ensure  that 
measured  pore  water  pressures  are  not 
influenced  by  the  type  of  piezometer 
selected,  nor  by  the  type  of  filter 
stone,  nor  the  method  of  installation. 
Steps  should  be  taken  to  ensure  that 
piezometers  are  not  damaged  by  the 
freezing  process.  Certain  types  of 
piezometers  are  more  suitable  for 
automatic  data  acquisition. 

1.  Introduction 

Soil  stability  is  markedly  influenced 
by  pore  water  pressures;  the  effect  being 
to  reduce  the  cohesive  strength,  according 
to  the  well-known  Coulomb  formula,  by 
reducing  the  effective  stress  between 
adjacent  soil  particles.  This  effect  is 
enhanced  in  freezing  and  thawing  cycles 
by  the  presence  of  ice  dams  which  prevent 
free  drainage  of  the  ground  water.  In 
hilly  terrain,  ground  water  pressures  may 
build  up  to  dangerous  levels  behind  ice 


dams.  (Fig.  1.) 


2.  Ground  Water  Regime 

It  is  often  useful  to  measure  the 
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prevailing  ground  water  levels  in  the 
surrounding  locality  since  this  will  give 
a  knowledge  of  ground  water  flow  patterns 
and  will  provide  a  base  against  which  to 
compare  pore  pressures  at  specific 
locations. 

Observation  wells  and  open  standpipe 
piezometers  are  often  selected  for  this 
purpose  on  account  of  their  inherent 
simplicity  and  reliability. 

2.1  Observation  Wells 

Wells,  i.e.,  unsealed  boreholes, 
crwg.  2)  ale  i.ol  Icluuuhc.iucJ  t h ' 

only  work  well  in  continuously  permeable 
strata.  Elsewhere,  they  can  connect 
otherwise  isolated  ground  water  regimes 
and  disturb  the  normal  drainage 
patterns. 


Use  PVC  or  ABS  pipes  (flush  coupled) 
with  a  porous  filter  at  the  bottom  to 
allow  water  to  enter  (Fig.  3).  The 
standpipe  is  sealed  into  the  borehole 
using  bentonite  pellets  or  grout  so  that 
the  pore  water  pressure  is  measured  only 
in  the  ground  immediately  opposite  the 
sand  zone  around  the  filter. 


Open  standpipe  piezometers  are  very 
reliable,  but  suffer  from  some  disadvan¬ 
tages:  a)  they  are  susceptible  to  freez¬ 
ing  ?nd  may  require  the  use  of  oil  or 
antifreeze  if  they  are  to  be  kept  open 
during  cold  weather,  b)  they  require  a 
somewhat  laborious,  manual  readout  proce¬ 
dure, using  a  dipmeter  and  c)  they  have  a 
long  hydrostatic  time  lag  in  soils  of  low 
permeability . 

This  last  consideration  is  important: 
all  piezometers  require  flow  of  pore  water 
to  or  from  the  device  before  the  pressure 
changes  can  be  sensed.  A  diaphragm  type 
piezometer  whether  pneumatic,  vibrating 
wire  or  electrical  requires  only  very 
small  flows  sufficient  only  to  depress 
the  diaphragm  by  a  few  thousandths  of  an 
inch,  whereas  an  open  tube  standpiDe  would 
require  much  greater  amounts  to  raise  or 
lower  the  water  level  inside  the  pipe. 

The  time  required  to  reach  equilibrium 
with  open  tube  types  can  be  very  long 
(Fig.  A). 
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3.  Pore  Water  Pressures 

These  are  best  measured  by  means  of 
diaphragm  type  devices  which  have  small 
hydrodynamic  time  lags  and  are  better 
able  to  follow  rapidly  fluctuating  pore 
pressures.  These  devices  are  installed 
in  a  manner  which  isolates  them  in  the 
zone  lo  be  monitored  using  watertight 
seals  usually  made  from  bentonite  but 
occasionally  by  means  of  inflatable 
packers . 

3.1  Pneumatic  Piezometers 

Various  styles  of  pneumatic  piezo¬ 
meters  exist.  The  basic  principle  calls 
for  the  pore  water  pressure  to  hold  a 
check  valve  either  closed  or  open  (Fig. 

5) .  Pressure  is  applied  to  the  other 
side  of  the  check  valve  by  means  of  a 
compressed  gas.  At  the  point  of  equali¬ 
zation  between  the  pressure  in  the  gas 
and  the  pore  water  pressure ,  the  check 
valve  opens  or  closes, allowing  or  prevent¬ 
ing  gas  flow  in  the  system.  When  this 
occurs,  the  gas  pressure  is  read  by  means 
of  a  pressure  gage  or  pressure  transducer. 
Advantages  of  this  type  lie  in  an  ability 
to  resist  freezing  and  in  not  being 
susceptible  to  lightning  damage.  Dis¬ 
advantages  are  a  somewhat  cumbersome  read¬ 
out  process  which  is  not  easily  adapted 
to  automatic  data  acquisition  systems 
(ADAS).  Also,  tubes  leading  to  the 
piezometer  tip  can  become  clogged,  pinched 
or  water-logged  and  with  big  tube  lengths. 


pressure  losses  in  the  lines  can  become 
significant.  They  cannot  easily  measure 
negative  pore  water  pressures,  and  are 
not  suitable  for  dynamic  measurements. 


3.2  Vibrating  Wire  Piezometers 

Pore  pressures  act  on  a  diaphragm  the 
deflection  of  which  is  measured  by  means 
of  a  vibrating  wire  (Fig.  6). 


Th?  resonant  frequency  of  vibration  of  the 
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wire  alters  as  the  water  pressure  changes. 
The  sensor  is  actually  a  mechanical  one, 
i.e.,  a  length  of  tensioned  music  wire, 
and  this  gives  the  device  its  excellent 
long-term  stability.  Another  advantage 
accrues  from  the  fact  that  the  output 
is  a  frequency  which  is  easily  transmitted 
over  long  cables  and  is  not  easily  de¬ 
graded  by  ingress  of  moisture.  The  read¬ 
out  is  rapid  and  is  adaptable  to  ADAS 
systems  capable  of  handling  frequencies 
and  supplying  the  correct  excitation 
inp„L  to  ul.e  .  Disadvantages  are 

a  susceptibility  to  lightning  damage. 

Also,  they  are  unsuitable  for  the 
measurement  of  rapid  dynamic  changes 
since  the  readout  procedure  requires  a 
length  of  time  (several  milliseconds)  to 
measure  the  frequency.  They  can  be 
damaged  by  freezing  if  precautions  are 
not  taken.  Where  diaphragm  style  piezo¬ 
meters  are  used  to  measure  very  small 
pore  pressure  changes  accurately,  it  will 
be  necessary  to  compensate  for  barometric 
pressure  changes.  This  can  be  done  in 
two  ways,  either  a  second  transducer  can 
be  used  to  read  barometric  pressures 
only,  and  readings  used  to  apply  a  cor¬ 
rection,  or  the  inside  of  the  piezometer 
can  be  vented  to  the  atmosphere  by  means 
of  a  fine  tube  inside  the  cable. 

3.3  Electrical  Piezometers 

Pore  water  pressures  cause  deflect¬ 
ions  of  a  diaphragm  to  which  electrical 
strain  gages  are  attached.  Resistance 
changes  in  the  strain  gages  alter  the 
voltage  output  from  a  Wheatstone  Bridge 
network.  Advantages  are  a  rapid  response 
time  making  them  suitable  for  dynamic 
measurements.  Disadvantages  are  a 
susceptibility  to  freezing,  lightning, 
barometric  pressure  changes  and  to  cable 
effects  caused  by  long  cables  and  mois¬ 
ture  penetration.  In  recent  years  the 
Drurk  pore  pressure  transducer  has 
achieved  some  prominence  and  a  reputa¬ 
tion  for  high  accuracy. 

4.  Installation  Procedures 
4.1  Boreholes 

Most  piezometers  are  installed  in 
boreholes  and  a  variety  of  methods  are 
in  use.  [Dunnicliff]  The  intent  is  to 
create  a  sand  zone  immediately  around 
the  piezometer  tip  and  to  seal  this  zone 
by  filling  the  rest  of  the  borehole 
with  bentonite,  either  in  pellet  form 


or  in  the  form  of  bentonite  cement  grout. 
Several  piezometers  can  be  installed  in 
one  borehole  but  the  procedure  requires 
great  skill  to  avoid  interconnections 
between  the  various  zones. 

4.2  Fills 

Piezometer  installations  in  fills 
often  requires  protection  from  construct¬ 
ion  equipment,  particularly  the  cable 
which  may  be  placed  in  trenches  and  back¬ 
filled  around  with  fine  grained  material. 
Care  and  attention  must  be  paid  to  every 
part  of  the  cable  (or  tubing)  and  partic¬ 
ularly  to  those  parts  which  could  be 
affected  by  differential  soil  movements. 
Migration  of  water  along  the  trenches  can 
be  prevented  by  bentonite  plugs. 

4.3  Soft  Ground 

In  soft  ground  it  may  be  possible  to 
push  the  piezometer  directly  into  the 
ground.  For  this  purpose,  the  piezometer 
housing  is  provided  with  a  point  and  has 
a  thread  to  couple  it  to  either  drill  rods 
or  water  pipe.  The  act  of  pushing  the 
piezometer  into  the  ground  may  cause  high 
pressures  at  the  piezometer  tip  so  it  is 
wise  to  read  diaphragm  type  piezometers 
during  installations  and  allow  time  for 
excess  pressures  to  dissipate  should  they 
build  up  during  installation. 

3.  Automatic  Data  Acquisition  System 
(ADAS) 

All  dataloggers  are  easily  connected 
to  electrical  style  piezometers  with 
voltage  excitation  and  output.  Several 
dataloggers  are  on  the  market  which  can 
also  be  connected  to  vibrating  wir<= 
types.  In  all  cases,  it  is  very  important 
to  include  lightning  protection  as  part 
of  the  package.  Pneumatic  piezometers 
can  be  connected  to  ADAS  via  pressure 
transducers  but  the  need  for  a  constant 
and  reliable  compressed  gas  source  can 
be  a  problem. 

Conclusion 

In-situ  pore  pressure  can  be  measured 
in  a  variety  of  ways.  When  choosing  a 
device  or  technique  consideration  should 
bo  given  to  such  things  as  hydrostatic 
time  lag,  susceptibility  to  freezing, 
lightning  and  barometric  pressure  changes, 
ease  of  readout,  adaptability  to  ADAS. 

Installation  procedures  should  be 
carefully  observed  to  avoid  damage  to 
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cables/tubes  and  to  avoid  leakage  paths. 


Ref, 


Dunnicliffe,  J.  -  Geotechnical 
Instrumentation  for  Monitoring  of  Field 
Performance.  John  Wiley  577  pp . 


44 


In-situ  Measurement  of  Soil  Water  Content  in  the  Presence 
of  Freezing/Thawing  Conditions 


John  L.  Nieber,  Department  of  Agricultural  Engineering 
University  of  Minnesota 

John  M.  Baker,  Department  of  Soil  Science,  USDA-ARS 
University  of  Minnesota 


ABSTRACT 

Numerous  methods  are 
available  for  in-sj.«.u 
measurement  of  soil  water 
content .  These  methods  include 
techniques  that  either  measure 
soil  water  content  directly  or 
measure  soil  matric  potential 
and  then  infer  soil  water 
content.  Methods  available  for 
measuring  soil  matric  potential 
include  tensiometry,  electrical 
resistance,  thermocouple 
psychrometry ,  and  thermal 
diffusivity.  Methods  available 
for  direct  measurement  of  soil 
water  content  include  neutron 
scattering,  gamma  attenuation, 
x-ray  attenuation,  nuclear 
magnetic  resonance,  time  domain 
ref lectometry,  and  thermal 
conduct ivity .  The  principles 
underlying  the  various  soil 
water  measurement  methods  are 
presented.  Problems  associated 
with  measuring  soil  water 
content  under  freezing/thawing 
conditions  are  emphasized. 


INTRODUCTION 

Soil  water  is  important  in 
numerous  physical  processes  of 
the  environment.  For  instance, 
it  is  important  in  determining 
surface  runoff  generation, 
ground  water  recharge,  the 
freezing/thawing  rate  cf  soils, 
and  deformation  of  soils  under 
load.  The  movement  of  soil 
water  and  the  status  of  soil 
water  content  can  be  predicted 
using  mathematical  models. 
However,  to  develop  and/or  test 
these  models,  in-situ  soil 
water  content  must  be  measured. 

Soil  water  is  usually 
quantified  according  to  one  of 
the  following  definitions: 

0g  =  weight  basis  water  content, 

8V  =  volume  basis  water  content, 

0V  =  9,  p. ,  and 

pd  =  dry  bulk  density  of  the  soi 

These  definitions  apply 
specifically  to  soil  materials 
that  do  not  undergo  significant 
volume  changes  over  time.  Thus 
these  definitions  do  not  apply 
to  soils  with  high  shrink/swell 
potential.  For  soils  having 
high  shrink/swell  potential  the 
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following  definition  for  soil 
wafer  content  is  often  used 
(Philip,  19C9a,b'  . 

d  =  (1  +  e)  0„  (1) 

where  i1)  is  the  moistu-e  ratio 
defined  as  the  volume  of  water 
per  volume  of  soil  particles; 
and  e  is  the  void  ratio, 
defined  as  the  volume  of  voids 
per  volume  o^  soil  particles. 

Numerous  methods  for 
measuring  soil  water  content 
are  available,  including  one 
direct  method  and  numerous 
indirect  methods.  The  indirect 
methods  include  those  that 
yield  soil  water  consent 
dir'tcly,  and  those  that  yield 
soil  matric  potential  from 
which  soil  water  content  is 
inferred . 

The  purpose  of  this  paper 
is  to  comprehensively  review 
the  various  methods  for 
measuring  soil  water  content. 
The  accuracy  of  the  various 
methods  and  thei-  performance 
when  the  soil  is  in  a  partially 
or  completely  frozen  condition 
are  given  emphasis. 

The  description  of 
individual  methods  is  brief 
since  cited  references  are 
given  that  provide  additional 
details.  Detailed  descriptions 
of  the  principles  underlying 
various  methods  and  the 
materials  and  procedures  for 
implementing  various  methods 
are  provided  by  Klute  (1986). 


SOIL  WATER  MEASUREMENT  METHODS 

Methods  for  measuring  soil 
water  content  can  be 
categorized  as  providing  either 
a  direct  or  an  indirect  measure 
of  soil  water  content.  The 
only  method  foi  acquiring  a 
direct  measure  of  soil  water 
content  is  the  gravimetric 
method.  Indirect  methods  can 
be  put  into  two  categories.  In 
one  category  the  soil  water 
content  is  obtained  by 
measuring  a  property  directly 
relatori  ?  o  so  i  1  wat  or  cont  ent  . 


This  category  includes  the 
methods  of  neutron  scattering, 
gamma  attenuation,  x-ray 
attenuation,  nuclear  magnetic 
resonance,  time  domain 
ref lectometry,  and  thermal 
conductivity.  In  the  other 
category  the  soil  matric 
potential  is  measured  and  then 
the  soil  water  content  is 
inferred  from  the  soil  matric 
potential  value. 

Direct  Methods 

The  only  direct  method  of 
measuring  soil  water  content  is 
the  gravimetric  method.  This 
involves  the  collection  of  a 
sample  of  soil  and  measuring 
sample  weight  and  volume  before 
and  after  drying  of  the  sample. 
Water  content  with  this  method 
can  be  expressed  either  on  a 
weight  or  a  volume  basis. 
Determir.at ion  of  the  volume 
basis  of  soil  water  content 
requires  that  the  dry  bulk 
density  of  the  soil  be  known. 

The  collection  of  the  soil 
sample  for  the  gravimetric 
metnod  is  simple  if  the  dry 
bulk  density  of  the  sample  does 
not  have  to  be  determined. 
However,  if  the  dry  bulk 
density  is  needed  the  volume  of 
the  sample  has  to  be  measured. 
To  determine  this  volume 
requires  that  great  care  be 
exercised  to  avoid  compression 
of  the  soil  sample  during 
sampling.  A  number  of  sampling 
methods  available  to  avoid 
sample  compression  are 
described  by  Blake  and  Hartge 
(1986)  . 

The  gravimetric  method  is 
the  most  accurate  method  for 
determining  soil  water  content. 
However,  it  is  destructive, 
which  prevents  repeated 
sampling  of  the  same  area  over 
time.  This  aspect  greatly 
restricts  use  of  the 
gravimetric  method  for 
monitoring  soil  water  content 
beneath  pavements.  Because  of 
this  its  use  for  monitoring 
soil  water  content  beneath 
pavements  is  limited  to  the 
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calibration  and  validation  of 
other  methods  for  measuring 
soil  water  content. 

Indirect-  Methods 

With  indirect  methods  of 
soil  water  content  measurement, 
soil  water  content  is 
determined  by  measuring 
properties  related  to  soil 
water  content.  Indirect 
methods  can  be  placed  into  two 
categories.  In  Category  I  the 
soil  water  content  is  uniquely 
related  to  the  property  being 
measured.  These  methods 
provide  more  of  a  "direct” 
measure  of  soil  water  content 
than  methods  belonging  to 
Category  II.  In  Category  II 
the  soil  matric  potential  is 
measured  and  then  soil  water 
content  is  inferred  based  on 
the  relationship  between  soil 
matric  potential  and  soil  water 
content.  Since  this 
relationship  is  not  necessarily 
unique,  Category  II  methods 
will  not  provide  as  "direct"  a 
measure  of  soil  water  content 
as  Category  I  methods. 

Soil  water  content 
determination  methods  belonging 
to  the  two  categories  will  be 
described  in  the  following 


subsections.  Category  I 
methods  will  be  described  under 
the  heading  "soil  water 
content".  Category  II 
methods  will  be  described  under 
the  heading  "soil  matric 
potential" . 


Soil  Water  Content 

Neutron  scattering.  The 
neutron  scattering  method  is 
based  on  the  phenomenon  of  the 
slowing  of  fast  neutrons  by 
hydrogen  atoms.  In  this 
phenomenon,  some  of  the 
neutrons  emitted  by  a 
radioactive  source  collide  with 
hydrogen  atoms  in  the  soil 
surrounding  the  radioactive 
source.  In  the  collision,  a 
neutron  is  slowed,  or 
thermalized.  Fast  neutrons 
colliding  with  other  types  of 
atoms  are  also  slowed,  but 
hydrogen  is  particularly 
efficient  at  slowing  fast 
neutrons.  The  problem  then 
becomes  one  of  detecting  and 
counting  the  number  of  neutrons 
that  are  slowed  and  relating 
this  number  to  the  amount  of 
water  present  in  the  soil. 

The  neutron  scattering 
method  is  implemented  with  a 
neutron  probe  device  as 
illustrated  in  Figure  1. 


Cable  Scaler 


Figure  1.  Configuration  for  the  neutron  probe. 
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Usually  an  access  tube  is 
placed  in  the  soil  to  maintain 
ready  access  to  the  soil 
profile.  The  probe  contains  a 
radioactive  source,  usually 
americium-241 /beryll ium.  Above 
the  source  is  a  tube  filled 
with  a  boron  trifluoride  gas. 
Some  of  the  fast  neutrons 
emitted  by  the  radioactive 
source  are  slowed  by  collisions 
with  hydrogen  atoms  in  the  soil 
surrounding  the  source. 
Thermalized  neutrons  passing 
into  the  gas  filled  tube 
collide  with  the  boron 
trifluoride  molecules, 
releasing  an  alpha  particle. 

The  alpha  particle  is  attracted 
to  a  negative  high-voltage 
electrode  in  the  detector,  and 
the  resulting  electrical  pulse 
is  counted  by  a  logging 
instrument.  Only  thermalized 
neutrons  will  produce  this 
electric  pulse  upon  collision 
with  the  boron  trifluoride 
molecules . 

Since  hydrogen  atoms  in  the 
soil  are  primarily  associated 
with  water  molecules,  the 
higher  the  water  content  of  the 
soil,  the  larger  will  be  the 
number  of  thermalized  neutrons 
counted  by  the  instrument. 
However,  the  neutron  probe 
senses  the  relative  number  of 
hydrogen  atoms  present  in  the 
soil,  whether  these  atoms  are 
associated  with  water  molecules 
or  not. 

Some  soils  have  large 
amounts  of  hydrogen  atoms  which 
are  not  associated  with  water 
molecules.  Organic  soirs  are  a 
good  example  of  this  type  of 
soil . 

Atoms  such  as  beryllium, 
carbon,  nitrogen,  oxygen,  and 
fluorine  have  appreciable 
ef f iciency ' at  neutron 
thermalization,  although 
hydrogen  is  much  more 
efficient.  Atoms  with 
thermalization  efficiencies 
significantly  greater  than 
hydrogen  include  cadmium, 
boron,  lithium,  and  chlorine. 

The  neutron  probe  should  be 
calibrated  for  each  soil  where 


it  is  used.  The  calibration  is 
based  on  the  determination  of 
water  content  by  the 
gravimetric  method  when  the 
access  tubes  are  installed. 

The  calibration  accounts  for 
indigenous  hydrogen  atoms 
present  in  the  soil  not 
associated  with  water 
molecules,  and  for  other 
elements  present  that  affect 
neutron  thermalization.  The 
calibration  equation  for  a 
neutron  probe  is  linear: 

0„  =  A  +  B  (CT/SC)  (2) 

where  CT  and  SC  are  the  count 
rate  and  standard  count, 
respectively,  of  the  neutron 
probe,  and  A  and  B  are 
calibration  coefficients.  The 
standard  count  is  taken  when 
the  source  and  detector  are 
enclosed  in  the  shield  standard 
illustrated  in  Figure  1. 

The  neutron  probe  measures 
the  soil  water  content  in  a 
spherical  region  surrounding 
the  source  and  detector.  This 
sphere  has  a  radius  of  about  16 
cm  for  conditions  near 
saturation,  and  about  70  cm 
radius  for  near  dry  conditions 
(Van  Bavel  et  al.,  1956) . 
Regardless  of  the  water 
content,  the  neutron  probe 
provides  an  average  value  over 
a  fairly  large  volume.  The 
instrument  is,  therefore,  not 
adequate  when  high-resolution 
of  the  soil  water  profile  is 
needed,  or  when  a  measurement 
near  a  boundary,  such  as  near 
the  subgrade/pavement 
interface,  is  needed. 

The  neutron  method  works 
whether  the  water  in  the  soil 
is  frozen  or  liquid.  The 
hydrogen  atoms  in  frozen  water 
are  detected  in  the  same  way  as 
they  are  in  liquid  water. 

Thus,  the  neutron  probe 
provides  a  measure  of  the  total 
water,  sum  of  the  frozen  and 
unfrozen  volumes,  present  in 
the  soil. 
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Gamma  attenuation.  The 
gamma  attenuation  method  of 
soil  water  measurement  is  based 
on  the  phenomenon  of  gamma 
photon  absorption  by  the  solid 
and  liquid  mass  composing  the 
soil.  A  gamma  photon  passing 
through  a  soil  mass  will 
collide  with  solid  or  liquid 
materials  or  will  pass  without 
collision.  The  higher  the 
density  of  the  soil  material, 
or  the  higher  the  soil  water 
content  of  the  soil,  the 
greater  the  chance  that  a 
photon  will  collide  with  either 
solid  or  liquid  materials.  For 
a  given  dry  bulk  density  of 
soil,  the  number  of  photons 
passing  without  collision 
through  a  soil  mass  increases 
as  the  soil  water  content  is 
reduced . 

The  instrument  for 
implementing  the  gamma 
attenuation  method  is 
illustrated  in  Figure  2.  The 
method  requires  the  use  of  two 
parallel  access  tubes.  The 
radioactive  source,  usually 
Cesium  137,  emits  gamma  photons 
and  is  placed  in  one  of  the 
access  tubes.  The  other  access 
tube  contains  a  photon 


Access  Tubes 

Figure  2.  Configuration  for 
the  gamma  probe. 


detector,  which  consists  of 
electronics  and  a  crystal 
placed  at  the  same  level  as  the 
radioactive  source.  A  typical 
crystal  is  thallium-activated 
sodium  iodide.  When  the 
crystal  is  struck  by  a  gamma 
photon  a  light  pulse  is 
produced,  which  is  detected  by 
a  photodetector. 

The  theoretical  equation 
describing  the  relationship 
between  soil  water  content  and 
the  number  of  unattenuated 
photons  is  given  by 


0 


V 


Kt) +  x,1‘po 


(3) 


where  I  and  Iq  are  the  count 
rate  and  standard  count  rate  of 
the  instrument  respectively,  X 
is  the  distance  between  the 
source  and  the  detector,  and  |iw 
and  p.s  are  the  photon 
attenuation  coefficients  for 
water  and  soil  solids. 

According  to  equation  (3)  , 
using  the  method  requires 
knowledge  of  the  attenuation 
coefficients  of  soil  solids  and 
of  water,  the  dry  bulk  density 
of  the  soil,  and  the  value  of 
I0 •  The  attenuation 
coefficients  Us  and  ^iw  were 
reported  by  Van  Bavel  et  al . 
(1985)  to  be  0.058  cm^/gm  and 
0.053  cm^/gm  respectively. 
Values  reported  by  other 
researchers  vary  from  these 
values  over  a  50%  range  and 
demonstrate  the  need  to 
determine  these  attenuation 
coefficients  for  each 
instrument.  The  value  of  IQ 
has  to  be  determined  for  each 
instrument  and  must  be  adjusted 
to  account  for  the  decay  of  the 
radioactive  source,  based  on 
its  half-life.  Typical  values 
of  I0  for  commercially 
available  field  instruments  are 
on  the  order  of  a  200,000  to 
300,000  counts  per  minute.  The 
dry  bulk  density  of  the  soil 
can  be  determined 
gravimetrically  using  standard 
methods  or  by  using  the 


49 


procedure  described  by  Van 
Bavel  et  al .  (1985) . 

The  gamma  attenuation 
method  can  be  used  for 
measuring  detailed  profiles  of 
soil  water  content.  With 
current  instruments  suitable 
for  the  field,  soil  water 
content  can  be  resolved  at 
about  1  cm  depths.  Also  soil 
water  content  can  be  measured 
fairly  close  to  boundaries, 
such  as  at  the  interface 
between  a  subgrade  and  the 
pavement.  Measurements  made 
right  at  the  boundary  must  be 
interpreted  carefully  because 
of  photon  scattering  and  escape 
at  the  boundary. 

If  two  radioactive  sources 
with  distinct  energy 
characteristics  are  used,  the 
gamma  attenuation  method  can 
simultaneously  measure  the  dry 
bulk  density  water  content  of 
the  soil.  Each  source  has  a 
unique  set  of  attenuation 
coefficients  for  equation  (3). 
The  two  equations  are  thereby 
independent  and  can  be  solved 
simultaneously  for  dry  bulk 
density  and  soil  water  content. 
This  type  of  instrument  is 
limited  to  the  laboratory 
because  of  the  high  energy 
levels  required  of  the 
radioactive  sources.  For 
reasons  of  practicality,  the 
dual-energy  technique  cannot  be 
used  in  the  field. 

Like  the  neutron  probe 
device,  the  gamma  attenuation 
device  provides  a  measure  of 
the  total  water  present  in  the 
soil.  It  does  not  distinguish 
between  frozen  and  unfrozen 
soil  water. 

X-ray  attenuation.  The 
method  of  x-ray  attenuation 
operates  on  the  same  principle 
as  the  gamma  attenuation 
method.  An  x-ray  source  and  an 
x-ray  detector  are  located  on 
opposite  sides  of  an  object. 

The  strength  of  the  x-ray  beam 
passing  through  the  object  is 
measured  by  the  detector.  The 
strength  of  the  beam  after 
passing  through  the  object 


relative  to  the  strength  of  the 
beam  at  the  source  is  related 
to  the  attenuation  properties 
of  the  object.  For  a 
particular  type  of  material, 
the  amount  of  attenuation  is 
related  to  the  bulk  density  of 
the  material.  The  attenuation 
equation  for  x-rays  has  the 
same  form  as  that  given  in 
equation  (3)  for  the  gamma 
attenuation  method. 

In  a  CAT  (Computer  Aided 
Tomographic)  scanner,  the  x-ray 
source  emits  a  thin,  fan  shaped 
beam.  A  bank  of  detectors, 
opposite  the  source  from  the 
object,  measure  the  strength  of 
the  beam  passing  through  the 
object.  Multiple  views  of  the 
object  are  obtained  by  rotating 
the  source  and  detectors  around 
the  object  and  making 
measurements  at  discrete 
angular  positions.  The  data 
from  these  multiple  views  are 
used  to  calculate  the 
attenuation  of  the  x-ray  beam 
in  discrete  volumes  or  pixels 
of  the  object.  The  attenuation 
in  each  pixel  is  related  to  the 
bulk  density  of  the  material  in 
the  pixel.  CAT  scanner 
machines  are  now  available  to 
provide  spatial  resolution  on 
the  submillimeter  scale. 

CAT  scanners  were 
originally  developed  for  use  in 
medicine  to  detect  tumors  and 
other  benign/malignant  features 
in  the  human  body.  The  typical 
scanner  is  doughnut  shaped  with 
the  x-ray  source  and  detectors 
located  on  the  inside 
circumference  of  the  doughnut. 

A  patient  is  placed  on  a  table 
that  conveys  the  patient 
through  the  doughnut.  The 
table  stops  at  discrete 
positions  for  each  scan.  The 
resulting  set  of  scans  are  used 
to  produce  two-dimensional 
images  of  cross-sections  of  the 
patient's  body  at  each  of  the 
discrete  positions. 

In  recent  years  CAT 
scanners  have  found 
applications  in  many 
scientific  areas  including  the 
soil  sciences.  For  scanning  of 
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soils  a  soil  column  is  placed 
on  the  conveyor  table  and  scans 
of  the  column  are  taken  at 
discrete  positions.  Pixel 
values  obtained  in  each  scan 
are  related  to  the  wet  bulk 
density  of  the  soil  contained 
in  each  pixel.  If  the  soil 
sample  is  dry,  then  the  pixel 
values  provide  an  image  of  the 
distribution  of  dry  bulk 
density  at  discrete  locations 
along  the  soil  column.  The 
application  of  CAT  scanner 
technology  to  the 
determination  of  the  dry  bulk 
density  distribution  in  soil 
columns  was  first  presented  by 
Petrovic  et  al.  (1982).  An 
example  application  to  the 
determination  of  the  water 
content  distribution  in  soil 
columns  is  presented  by 
Crestana  et  al .  (1985). 

When  using  the  x-ray 
attenuation  technique,  it  is 
essential  that  the  operator  be 
shielded  by  lead  or  leaded 
glass  to  prevent  exposure  to  x- 
ray  emissions.  For  this  reason 
the  x-ray  attenuation  method  is 
restricted  to  laboratory 
applications . 

Nuclear  magnetic  resonance. 
The  nuclear  magnetic  resonance 
(NMR)  technique  was  originally 
developed  to  determine  the 
molecular  structure  of 
substances.  In  recent  years  it 
has  been  extensively  applied  in 
medical  imaging  technology.  It 
can  also  be  used  to  measure 
water  content  of  various 
materials,  including  soils. 

The  technique  is  reasonably 
safe  because  it  does  not  use 
radioactive  substances  or  high 
energy  particle  bombardment. 

The  major  danger  associated 
with  the  instrument  is  that 
very  strong  magnets  are  used 
and  care  has  to  taken  when 
working  near  loose  steel 
objects . 

The  NMR  technique  is  based 
on  the  principle  of  measuring 
the  change  in  spin  orientation 
of  atoms  when  the  atoms  are 
placed  in  a  static  magnetic 


field  with  a  pulsed  oscillating 
magnetic  field  acting 
orthogonal  to  the  static  field 
(Gadian,  1982;  Zientara  and 
Neurinqer,  1988;  and  Paetzold 
et  al.,  1985).  Specific  atoms 
respond  to  the  oscillating 
magnetic  field  at  a  specific 
frequency  of  oscillation. 
Hydrogen  is  the  atom  best 
detected  by  the  NMR  technique 
because  of  its  simple  atomic 
structure.  Hydrogen  associated 
with  different  substances  can 
be  identified  because  of  the 
differences  in  bonding 
orientation  in  the  substances. 
The  difference  between  hydrogen 
associated  with  ice,  liquid 
capillary  water,  and  liquid 
water  bonded  tightly  to  clay 
surfaces  can  be  detected. 

The  main  component  of  a 
conventional  NMR  instrument  is 
a  hollow  cylinder  formed  by 
magnets.  The  sample  is  placed 
inside  the  cylinder.  Medical 
NMR  units  have  this  form  and 
the  patient  lies  inside  the 
cylinder  while  measurements  are 
made.  This  cylindrical 
configuration  facilitates  the 
acquisition  of  high-resolution 
three-dimensional  images  of  the 
sample. 

An  NMR  instrument  for  rapid 
measurement  of  soil  water 
content  in  the  field  has  been 
described  by  Paetzold  et  al. 
(1985) .  This  instrument  uses  a 
flat  configuration  for  the 
magnets  in  contrast  to  the 
cylindrically  shaped  magnets 
used  in  conventional  NMR 
instruments.  A  loss  in 
accuracy  occurs  with  this  flat 
configuration  because  the 
static  magnetic  field  produced 
is  not  spatially  uniform  as  it 
is  in  the  cylindrical 
configuration.  The  instrument 
can  simultaneously  measure  soil 
water  contents  at  various 
specified  depths.  With  the 
instrument  mounted  on  the  back 
of  a  vehicle,  and  soil  water 
measurements  can  be  acquired  at 
speeds  up  to  10.5  mph. 
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Time  domain  ref lectometry . 
Time-domain  ref lectometry  (TDR) 
is  a  relatively  new  and 
promising  method  for  measuring 
soil  water  content.  The  change 
in  the  apparent  dielectric 
permittivity  of  soil  is  the 
measured  property  that  is 
related  to  volumetric  water 
content.  Principal  advantages 
of  TDR  are  that  it  is 
insensitive  to  the  effects  of 
temperature,  salinity,  and  bulk 
density  (Topp  et  al.,  1980), 
which  distinguishes  it  from 
earlier  instruments  for 
measuring  soil  water  content 
based  on  changes  in  soil 
electrical  properties. 
Furthermore,  Topp  et  al.  (1980) 
found  that  a  single  empirical 
calibration  equation  applies  to 
a  wide  variety  of  soils. 

The  principle  of  operation 
is  described  in  detail  by  Topp 
et  al.  (1980)  and  Ledieu  et  al. 
(1986);  an  overview  of 
practical  application  of  TDR  is 
given  by  Topp  and  Davis  (1985) . 
The  method  uses  equipment 
developed  for  testing  coaxial 
cables  in  the 

telecommunications  industry. 

The  TDR  unit  contains  a  pulse 
generator,  a  sampler  that 
produces  a  low  frequency 
facsimile  of  the  high  frequency 
output,  and  an  oscilloscope 
that  displays  the  sampler 
output.  Electromagnetic  pulses 
containing  a  spectrum  of 
frequencies  in  the  1  MHz  to  1 
GHz  range  are  sent  down  a 
transmission  line  that 
terminates  in  a  parallel  pair 
of  steel  waveguides  embedded  in 
the  soil.  Any  change  in 
impedence  along  the  waveguides 
causes  a  partial  reflection  of 
the  pulse  and  this  reflection 
is  visible  on  the  oscilloscope 
trace.  Thus  there  is  a  partial 
reflection  where  the  waveguides 
enter  the  soil,  and  the 
remainder  is  reflected  at  the 
end  of  the  waveguides.  The 
travel  time  of  the  pulse 
between  these  points  can  be 
measured  on  the  oscilloscope 
trace  and  it  is  a  function  of 


the  relative  permittivity  of 
the  soil  surrounding  the 
waveguides.  Relative 
permittivity  is  in  turn  a 
strong  function  of  the  water 
content,  since  the  relative 
permittivity  of  air,  dry  soil, 
and  water  are  approximately  1, 

4  and  80,  respectively. 

Figure  3  illustrates  the 
results  of  a  simple  test  of  the 
method  in  which  the  water 
content  of  a  20  liter  container 
of  Hubbard  sand  was  varied  from 
air  dry  to  near  saturation,  and 
measured  by  gravimetric  and  TDR 
methods.  Figure  4  illustrates 
two  of  the  oscilloscope  traces 
from  that  test,  one  in  dry  soil 
(9v  =  0.016),  and  the  other  in 
wet  soil  (9V  =  0.305).  The 
system  can  be  used  in  a 
reasonably  small  volume  of 
soil,  because  for  typical 
waveguides  spaced  50  mm  apart 
the  spatial  sensitivity  is 
largely  confined  to  a  quasi¬ 
elliptical  area  of 
approximately  1000  mm^ 
surrounding  the  waveguide  axis 
(a  much  limited  sensitivity 
extends  to  perhaps  4000  mmq , 
with  no  significant  variation 
in  sensitivity  along  the  length 
of  the  waveguides  (Baker  and 
Lascano,  1989) .  The  band  of 
influence  is  narrow, 
approximately  30-40  mm,  in  the 
plane  oriented  transverse  to 
the  waveguides,  so  the  depth 
resolution  of  horizontally 
placed  waveguides  is  nearly  as 
good  as  that  obtained  with 
gamma  attenuation. 

An  important  factor  in 
northern  climates  is  that  the 
dielectric  constant  of  ice  is 
approximately  4,  very  near  that 
of  dry  soil.  Thus  freezing  of 
soil  affects  the  apparent 
dielectric  constant  of  the  soil 
in  the  same  way  as  drying,  so 
that  in  partially  frozen  soils 
TDR  measures  unfrozen  water 
content  only  (Patterson  and 
Smith,  1981;  Stein  and  Kane, 
1983) .  Consequently, 
simultaneous  measurement  at  a 
given  site  with  TDR  and  with  a 
method  such  as  neutron 
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Figure  3.  TDR  oscilloscope  traces  in  Hubbard  sand  at  two 
different  water  contents.  The  traces  are  superimposed  so 
that  the  initial  reflections  (where  the  waveguides  enter  the 
soil)  coincide.  The  arrows  indicate  that  reflection  and  the 
respective  final  reflections  from  the  end  of  the  waveguides. 


TDR  Traces  in  Hubbard  Sand 


Figure  4.  A  comparison  of  volumetric  water  content  obtained 
with  TDR  against  water  content  determined  from  knowledge  of 
initial  water  content  and  amount  of  water  added. 


scattering  or  gamma  concern  about  the  performance 

attenuation,  that  measures  the  of  electrical  methods  of  soil 

tota  amount  of  water  present,  water  measurement  have  probably 

allows  the  determination  of  the  slowed  acceptance  of  TDR. 

ice  content  of  the  soil  (Figure  5)  However,  the  accuracy  of  the 

The  relatively  high  cost  of  method,  its  safety  relative  to 

time-domain  ref lectometers ,  that  of  nuclear  methods,  its 

approximately  $7000,  and  spatial  resolution,  and  the 
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Figure  5.  Profiles  of  liquid 
water  content  ( (by  TDR)  and 
total  water  content  (by 
neutron  scattering)  in 
Waukegan  silt  loam.  Soil 
temperatures  at  the  time  were 
-8.1,  -5.3,  -3.9,  and  -3.2 
degrees  Celsius  at  0.05,  0.1, 
0.3,  and  0.5  m,  respectively. 

successful  results  obtained  by 
numerous  independent  research 
groups  suggests  that  its  use 
will  increase  considerably  in 
the  future . 

Thermal  conductivity 
method.  The  thermal 
conductivity  of  a  soil  is 
dependent  on  the  soil  water 
content  as  illustrated  in 
Figure  6.  The  principle  of  the 
thermal  conductivity  method  (De 
Vries,  1952)  is  to  measure  the 
rate  of  temperature  rise  at  a 
point  in  a  soil  caused  by  a 
heating  element  placed  at  that 
point.  This  rate  of 
temperature  rise  is  related  to 
the  thermal  conductivity  of  the 
soil,  which  is  related  to  the 
soil  water  content. 


Figure  6.  Illustration  of  the 
relationship  between  thermal 
conductivity  and  water  content . 


With  the  thermal 
conductivity  method  a 
cylindrical  probe,  usually  a 
glass  capillary  tube, 
containing  a  heating  wire  is 
inserted  into  the  soil.  An 
electrical  current  is  applied 
to  the  heating  wire  and  the 
rise  in  temperature  in  the 
cylinder  is  measured  with  a 
thermocouple  or  thermister 
placed  adjacent  to  the  probe. 
The  relationship  between  the 
temperature  of  the  cylinder  and 
time  is  given  by 

T  —  T0  =  (qh/4JlK)  (C  +  In  t)  (4) 

where  T  is  the  temperature  at 
time  t,  T0  is  the  initial 
temperature,  K  is  the  thermal 
conductivity,  qt  is  the  heat 
generated  per  unit  time  per 
unit  length  of  the  heating 
wire,  t  is  time,  and  C  is  a 
constant.  A  plot  of  T  versus 
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the  logarithm  of  time  allows 
the  determination  of  the 
thermal  conductivity. 

To  use  this  method  the 
relationship  between  thermal 
conductivity  and  soil  water 
content  for  the  soil  of 
interest  must-  be  determined, 
either  in  the  laboratory  or  in 
the  field.  With  this 
relationship  and  thermal 
conductivity  measurements,  and 
the  soil  water  content  can  be 
determined  for  the  soil  in- 
situ.  Since  the  thermal 
conductivity  of  the  soil  is 
sensitive  to  the  dry  bulk 
density  of  the  soil,  the  K 
versus  0V  relationship  should 
be  determined  for  the  soil  at 
the  same  dry  bulk  density  as 
that  in  the  in-situ  condition. 


Soil  Matric  Potential 
Tensiometry.  The 
tensiometric  technique  provides 
a  direct  measurement  of  the 
matric  potential  of  a  soil. 

The  fundamental  unit  of  a 
tensiometer  is  a  porous 
membrane  which  provides  the 
interface  between  a  water- 
filled  pressure  sensing  tube 
and  tne  soil.  The  porous 
membrane  is  semipermeable  in 
that  it  allows  the  passage  of 
water  but  prevents  the  passage 
of  soil  air.  Conventionally 


the  porous  membrane  is  cup 
shaped  and  made  of  ceramic 
material.  Fritted  g’acs  or 
porous  steel  materials  can  also 
be  used.  In  some  instances, 
especially  for  laboratory 
applications,  a  flat  membrane 
is  more  convenient  than  a  cup 
shaped  membrane. 

The  configuration  for  a 
typical  field  tensiometer  unit 
is  illustrated  in  Figure  7. 

The  water  inside  of  the 
tensiometer  unit  is  continuous 
with  the  water  in  the  soil 
pores  so  that  the  pressure  in 
the  soil  is  transmitted  to  the 
water  inside  the  tensiometer. 
Various  ways  for  measuring  the 
pressure  inside  the  tensiometer 
unit  are  illustrated  in  Figure 

7 .  Mercury  manometry  and 
electronic  pressure  transducers 
connected  through  a  tube  are 
the  conventional  methodology  as 
seen  in  the  right  hand 
tensiometer  configuration. 

This  configuration  requires  a 
substantial  effort  to  maintain 
the  water  column  in  the 
connecting  tube  and  the 
pressure  transducers  (mercury 
manometer  or  electronic 
pressure  transducer) . 

A  more  recent  development 
is  the  configuration  shown  to 
the  left  in  Figure  7.  Here,  the 
pressure  in  the  air  space  above 
the  water  level  in  the 
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Figure  7.  Example  tensiometer/pressure 
transducer  configurations. 
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tensiometer  tube  is  measured 
with  an  electronic  pressure 
transducer  (Marthaler  et  al .  , 
1983) .  Since  the  pressure  of 
the  air  in  the  air  space  is  in 
equilibrium  with  the  pressure 
in  the  underlying  water  column, 
this  air  pressure  can  be  used 
to  determine  the  soil  matric 
potential.  An  advantage  of 
this  approach  is  the  ease  of 
maintenance  of  the  tensiometer. 

Electrical  resistance 
blocks.  The  matric  potential 
in  fabricated  porous  materials 
placed  in  a  soil  come  to 
equilibrium  with  the  matric 
potential  of  the  soil  in 
contact  with  that  material.  If 
two  electrodes  are  imbedded 
into  the  fabricated  material, 
the  electrical  resistance 
between  the  electrodes  depends 
on  the  water  content  of  the 
porous  material.  The 
electrical  resistance  of  the 
porous  material  decreases  and 
the  water  content  of  the 
material  increases.  If  the 
relationship  between  electrical 
resistance  and  matric  potential 
of  the  material  is  determined, 
the  material  imbedded  in  soil 
can  be  used  to  measure  soil 
matric  potential  based  solely 
on  a  resistance  measurement. 

Various  types  of  electrical 
resistance  blocks  have  been 
developed  over  the  years.  The 
major  difference  between  the 
earlier  types  of  blocks  was  the 
type  of  material  used  to  form 
the  porous  matrix.  The  first 
type  of  resistance  blocks  were 
made  from  gypsum  and  are  called 
gypsum  blocks.  Typically 
gypsum  blocks  are  either 
cylindrical  or  prismatic  in 
shape. 

The  second  generation  of 
resistance  block  was  made  of 
nylon.  Generally  these  blocks 
are  rectangular  in  shape  and 
relatively  thin.  The  nylon 
material  is  generally  encased 
in  a  perforated  plastic  or 
stainless  steel  casing  to 
provide  strength  to  the  nylon 
matrix.  The  advantage  of  the 


nylon  block  is  the  ease  with 
which  they  can  be  inserted  into 
a  soil  because  of  the  thin 
dimension . 

Problems  associated  with 
using  the  gypsum  or  nylon  block 
sensors  have  been  the 
degradation  of  the  porous 
materials  over  time,  and  the 
sensitivity  of  the  resistivity 
to  the  salinity  of  the  soil 
water.  Neither  of  these  blocks 
have  a  built-in  means  for 
offsetting  the  influence  of 
soil  salinity. 

The  newest  type  of 
electrical  resistance  block  is 
the  WATERMARK  BLOCK  (Armstrong 
et  al.,  1985).  An  illustration 
of  this  type  of  block  is 
presented  in  Figure  8.  The 
body  of  the  block  is  composed 
of  a  perforated  plastic  tube. 
The  electrodes  are  placed  into 
a  porous  matrix  that  provides 
adequate  sensitivity  even  when 
the  soil  is  near  saturation. 

In  addition,  the  block  contains 
a  chemical  buffer  to  offset  the 
influence  of  soil  salinity  on 
resistance . 

Electric  resistance 
sensors  are  sensitive  to 
changes  in  the  amount  of  water 
contained  in  the  porous  matrix 
due  to  the  ions  dissolved  in 
the  water.  Freezing  of  the 
surrounding  soil  freezes  the 
water  in  the  porous  matrix  and 
results  in  a  large  rise  in  the 
electrical  resistance.  This 
rise  is  caused  by  the  exclusion 
of  dissolved  ions  from  the 
water  upon  freezing.  The 
electrical  resistance  of  ice  is 
very  similar  to  that  of 
distilled/deionized  water. 

Because  of  the  large  rise 
in  electrical  resistance  upon 
freezing,  electrical  resistance 
blocks  can  track  the 
freezing/thawing  front  in  soils 
(Wilin  et  al.,  1972).  This 
information  could  be  useful  in 
correlating  pavement 
strength/deflection  to  the 
status  of  freezing  of  the 
subgrade  materials. 
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Watermark  Sensor 

Figure  8.  Configuration  for  the  WATERMARK 
electrical  resistance  block . 


Heat  dissipation  blocks. 

The  rate  of  dissipation  of  heat 
in  the  fabricated  porous 
material  is  related  to  the 
water  content  of  the  material, 
because  the  thermal 
conductivity  and  heat 
capacitance  of  the  material  are 
each  functions  of  the  water 
content.  If  this  rate  of  heat 
dissipation  is  measured,  the 
matric  potential  of  the 
material  can  be  determined 
based  on  a  laboratory 
calibration.  The  matric 
potential  of  the  surrounding 
soil  will  then  be  known. 

Figure  9  illustrates  a  heat 
dissipation  block.  Usually  the 
porous  matrix  is  composed  of 
ceramic  material  although  other 
porous  materials  can  be  used. 

In  the  operation  of  heat 
dissipation  blocks,  a  heat 
pulse  is  applied  at  the  center 
of  the  block.  The  temperature 
at  the  center  of  the  block  is 
monitored  during  the  period 
beginning  at  heating  initiation 
and  ending  with  heating 
cessation.  Since  the  thermal 


diffusivity,  the  ratio  of 
thermal  conductivity  to  heat 
capacitance,  is  a  function  of 
the  water  content  of  the  block, 
the  water  content  of  the  block 
can  be  determined  from  the 
temperature  change  during 
heating.  The  relationship 
between  matric  potential  and 
water  content  for  the  block  is 
known  from  laboratory 
calibration,  so  the  matric 
potential  for  the  block  can  be 
determined  from  the  water 
content  measurement.  From  the 
assumption  of  equilibrium  of 
matric  potentials,  the  matric 
potential  of  the  surrounding 
soil  will  also  be  known. 

The  thermal  diffusivity  of 
the  soil  surrounding  the  block 
may  differ  significantly  from 
that  for  the  block.  If  the 
heat  pulse  reaches  the 
block/soil  interface,  the 
temperature  readings  may  be 
significantly  affected. 
Therefore  the  block  should  be 
large  enough  so  that  the  heat 
pulse  remains  in  the  block 


Figure  9.  Configuration  for  a  beat  dissipation 
block . 


during  the  period  of 
temperature  measurement. 

Thermocouple  psychrometry . 
The  method  of  thermocouple 
psychrometry  for  measuring  soil 
water  potential  is  based  on  the 
assumption  of  equilibrium 
between  the  soil  water 
potential  in  the  liquid  phase 
and  the  partial  pressure  of  the 
water  vapor  in  the  soil  air 
near  the  liquid-air  interface. 
By  measuring  the  partial 
pressure  of  the  water  vapor  in 
the  soil  air  the  water 
potential  at  that  point  is 
ralculated  from  the  equilibrium 
equation 


Y  =  —  In  f-2-)  (5) 

mg  VPoy 


where  HP  is  the  water  potential 
of  the  liquid  water,  p  is  the 
water  vapor  pressure  in 
equilibrium  with  the  liquid 
water,  p0  is  the  saturation 


water  vapor  pressure  at  the 
temperature  of  the  liquid 
water,  R  is  the  ideal  gas 
constant,  T  is  the  temperature 
of  the  liquid  water,  g  is  the 
acceleration  of  gravity,  and  m 
is  the  molecular  weight  of 
water.  According  to  equation 
(5),  as  the  soil  water 
potential  decreases  (soil 
becomes  drier)  the  partial 
pressure  of  the  water  vapor  in 
the  soil  air  decreases. 
Significant  reductions  in  this 
partial  pressure  do  not  begin 
to  occur  until  the  soil  matric 
potential  drops  below  about  10 
bars,  as  illustrated  in  Figure 
10.  Even  at  soil  matric 
potentials  as  low  as  100  bars, 
the  relative  humidity  of  the 
soil  atmosphere  is  still  above 
90%  . 

The  thermocouple 
psychrometer  is  used  to  measure 
the  partial  pressure  of  the 
water  vapor  in  the  soil.  An 
illustration  of  the  typical 
configuration  of  a  thermocouple 
psychrometer  for  field  use  is 
presented  in  Figure  11.  The 
unit  is  composed  of  a  porous 


ceramic  cup  with  thermocouple 
wire  junction  contained  inside. 

In  one  type  of 

configuration  the  temperature 
at  the  thermocouple  junction  is 
measured  with  the  junction  in  a 
dry  state.  A  current  is  then 
passed  through  the  junction  in 
the  direction  required  to  cool 
it  and  cause  moisture 
condensation  on  the  junction. 
The  temperature  of  the  junction 
is  then  measured  again  to 
produce  a  depression  of  the 
temperature.  The  partial 
pressure  of  the  soil  air  water 
vapor  can  then  be  determined 
from  this  temperature 
depression . 


DISCUSSION 

The  principles  of  operation 
of  a  number  of  soil  water 
measurirg  techniques  have  been 
described  in  the  above 
sections.  The  accuracy  and 
application  limits  of  these 
soil  water  measuring  techniques 
are  summarized  in  Table  1. 

The  direct  method  is  the 
most  accurate  of  the  methods 
available.  The  level  of 
accuracy  achievable  with  this 
method  is  dependent  only  on  the 
level  of  care  exercised  in 


handling  the  soil  sample,  and 
the  accuracy  of  the  weighing 
scales  used. 

Among  the  indirect  methods 
of  soil  water  content 
determination  the  methods  in 
Category  I  are  the  most 
accurate.  The  reason  that  the 
methods  in  Category  1  are  more 
accurate  than  the  methods  in 
Category  II  is  based  on  the 
fact  that  Category  I  methods 
measure  soil  water  content  as 
the  primary  dependent  variable, 
whereas  Category  IT  methods 
measure  soil  matric  potential 
as  the  primary  dependent 
variable  and  then  infer  soil 
water  content . 

The  major  problem  with 
using  soil  matric  potential  in 
determining  soil  water  content 
is  the  nonuniqueness  of  the 
soil  water  characteristic 
curve.  An  example  form  of  the 
soil  water  characteristic  is 
illustrated  xn  Figure  12.  The 
nonunique  relationship  is  a 
result  of  the  phenomenon  called 
capillary  hysteresis.  This 
relationship  means  that  the 
soil  water  content  at  a  given 
soil  matric  potential  depends 
on  the  wetting  and  drying 
history  of  the  soil. 

Therefore,  unless  one  knows  the 
wetting  and  drying  history  of  a 


Table  1.  Summary  of  capabilities  of  soil  water  measurement  methods. 
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soil,  it  is  not  possible  to 
determine  the  soil  water 
content  from  the  soil  matric 
potential  alone. 

The  amount  of  error 
associated  with  using  soil 
matric  potential  alone  in 
determining  soil  water  content 
depends  on  the  width  of  the 
hysteresis  loop  in  the  soil 
water  characteristic.  This 
width  depend0  on  the  textural 
properties  of  the  soil.  Some 
soils  have  a  fairly  narrow 
hysteresis  loop,  whereas  others 
have  a  wide  loop. 

Category  II  methods  can  be 
used  to  measure  soil  matric 
potential  quite  accurately  as 
seen  in  Table  1 .  However,  the 
inference  of  soil  water  content 
from  a  soil  matric  potential 
measurement  cannot  be  made  with 
nearly  as  much  confidence. 

Significant  errors  exist 
for  Category  I  methods  when  the 
soil  matric  potential  is  to  be 
determined.  With  Category  I 
methods  the  soil  water  content 
is  measured,  and  to  obtain  soil 
matric  potential  it  is 
necessary  to  use  the  soil  water 
characteristic  curve.  Due  to 
capillary  hysteresis,  large 
errors  in  soil  matric  potential 
determination  can  result. 

Among  the  soil  water 
content  determination  methods 
described,  the  TDR  method 
supplemented  with  either 
neutron  scattering  or  gamma 
attenuation  appears  to  offer 
the  best  opportunity  for 
determination  of  liquid  water 
content  and  ice  content  of  a 
partially  or  fully  frozen  soil. 
The  neutron  scattering  and 
gamma  attenuation  methods  each 
provide  a  measure  of  the  total 
water  content  (liquid  water 
plus  ice)  of  the  soil.  The  TDR 
method  provides  a  measure  of 
the  liquid  water  content. 

The  electrical  resistance 
block  appears  to  offer  an 
opportunity  to  track  the  depth 
of  freezing  in  a  soil  profile. 
This  can  be  done  using  frost 
tubes,  but  it  might  be 
preferable  in  some  instances  to 


monitor  the  depth  of  freezing 
from  a  remote  location. 
Electrical  resistance  blocks 
are  highly  sensitive  to  the 
phase  of  the  water  present  in 
the  block  porous  matrix.  When 
freezing  of  the  water  in  the 
porous  matrix  occurs,  the 
electrical  resistance  of  the 
block  increases  sharply. 

No  single  method  is  obvious 
choice  for  all  situations. 
Rather,  it  is  necessary  to 
weigh  their  strengths  and 
weaknesses  to  fit  the  desired 
objective . 
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ABSTRACT 

A  broad  range  of  techniques  and  equipment  for  the 
measurement  of  the  in  situ  permeability  of  soils  and  ag 
gregates  is  summarized,  and  the  applicability  of  these 
methods  to  the  field  determination  of  the  permeability  of 
base  and  subbase  courses  is  discussed  The  development 
ot  a  prototype  in  situ  test  device,  designated  as  the  field 
permeability  testing  device  (FPTD).  for  the  determination 
of  the  permeability  of  pavement  base  and  subbase  cour 
ses.  is  described  and  discussed  This  pro|ect  was  com¬ 
pleted  at  West  Virginia  University  under  the  sponsorship  of 
the  Federal  Highway  Administration  (FHWA).  It  involved  an 
extensive  program  of  laboratory  and  field  testing  of  the 
equipment  Following  the  completion  of  this  contract  the 
FHWA  refined  the  equipment  and  made  it  available  for  ad 
ditional  field  use  by  various  highway  agencies  over  a  period 
of  several  years  The  results  of  these  practical  applications 
of  the  FPTD  are  presented  and  discussed  Limited  interna 
tional  adoption  and  use  of  the  equipment  is  also  described 

Tfie  advantages  and  limitations  of  the  FPTD  are  dis 
cussed  It  is  concluded  that  this  equipment  has  con 
siderable  potential  for  practical  field  use  The  device  per 
mits  the  consideration  in  design  of  the  saturated  hydraulic 
conductivity  (permeability)  of  bases  and  subbases  and 
also  permits  the  development  of  construction  specifica 
tions  for  tfie  permeability  of  these  materials,  since  it  makes 
available  a  mechanism  for  the  evaluation  and  control  of 
permeability  during  construction 

INTRODUCTION 

Many  of  the  problems  associated  with  the  unsatisfactory 
performance  ui  pavement  systems  are  attributable  to  ex 
cess  moisture  in  the  subgradc  and  the  structural  section  ol 
the  pavement  Recognizing  this  situation,  many  agencies 
specify  that  granular  bases  and  subbases  have  outlets  that 
drain  water  from  the  pavement  section  as  quickly  as  pos 
siblc  However  the  base  and  subbase  layers  am  not  alway  , 


permeable  enough  to  prevent  damage  to  the  pavement 
under  saturated  conditions  and  normal  traffic  loads  (1 ,2). 

As  part  of  the  effort  to  develop  effective  subsurface 
drainage  systems  for  pavements,  rational  procedures  have 
been  developed  for  estimating  the  amount  of  water  that 
enters  the  pavement  section  and  designing  the  drainage 
layers  to  rapidly  remove  this  water  (1.2)  The  principal 
material  property  required  to  use  these  procedures  is  the 
coefficient  ot  permeability  Minimum  coefficients  of  per¬ 
meability  must  be  specified  to  meet  design  requirements 
of  the  drainage  system  Existing  laboratory  testing 
methods  can  be  used  to  determine  the  permeability  coef¬ 
ficients  of  candidate  drainage  layer  materials,  and  these 
values  can  be  compared  with  the  design  requirements  Al 
though  these  laboratory  methods  are  well  known  and  quite 
reliable,  relatively  small  variations  in  gradation  and  density, 
such  as  those  normally  encountered  in  construction,  can 
produce  large  changes  in  the  coefficient  of  permeability  (2- 
5)  Thus,  the  field  permeabilities  of  these  materials  can  dif¬ 
fer  from  the  values  determined  in  the  laboratory  Therefore, 
the  coefficients  of  permeability  of  base,  subbase  and  sub¬ 
grade  materials  should  be  determined  in  situ  Proven 
methods  for  such  determination  must  be  available  before 
the  coefficient  of  permeability  can  be  routinely  specified  in 
construction  contracts  to  control  materials  and  construc¬ 
tion  practices 

Recognizing  this  need,  the  Federal  Highway  Adminstra- 
tion  (FHWA)  contracted  for  the  development  of  a  test  ap¬ 
paratus  and  procedure  for  determining  the  in  situ  per¬ 
meability  of  highway  base,  subbase  and  subgrade 
materials  Tfie  investigation  included  (ai  the  evaluation  of 
existing  methods  of  in  situ  permeability  determination  and 
their  suitability  for  determining  the  permeability  ot  base, 
subbdst*  ci?vj  subcjrade  Isyors  (b!  tho  laboratory  evaluation 
of  the  developed  method,  and  (c)  the  field  testing  a  id 
evaluation  of  the  most  promising  technique 


Throughout  the  course  of  this  work  several  veiy  impor 
tant  factors  regarding  the  nature  of  the  problem  and  the  ro 
quired  operating  characteristics  of  the  prototype  FPTD 
were  given  special  consideration 

1 .  The  flow  or  seepage  domain  in  pavement  structural  sys¬ 
tems  consists  of  layered  nonhomogeneous  anisotropic 
media  A  determination  of  the  coefficient  of  permeability 
(saturated  hydraulic  conductivity)  in  the  transverse  01  Ion 
gitudinal  direction  (while  keeping  in  mind  that  the  vertical 
permeability  influences  the  amount  of  surface  water  that  m 
filtrates  the  pavement  stn  :  „a!  Motion)  is  p':mnry rr  ' 
cern  in  designing  the  drainage  of  these  layers  The  overricl 
ing  influence  of  the  horizontal  flow  limits  the  usefulness  of 
techniques  that  measure  only  vertical  permeability 

2  Tfie  prototype  FPTD  should  measure  the  coefficients  o I 
permeability  of  Individual  layers  ranging  in  thickness  from 

3  inches  (76  2  mm)  to  18  inches  (457  2  mm)  with  coetfi 
cients  of  permeability  ranging  from  10  ’  cm.  sec  to  10 
cm/sec.  under  a  variety  of  boundary  conditions  Those 
boundary  conditions  included  both  initially  saturated  and 
unsaturated  layers  as  well  as  underlying  layers  that  were 
either  more  or  less  permeable  than  the  layer  being 
evaluated 


3  The  measurement  technique  adopted  should  he  non 
destructive1  or  disturb  the  layer  being  evaluated  as  little  as 
pussll  lie 

4  The  prototype  FPTD  must  be  simple  to  operate  and  be 
rugged  and  durable  fur  field  use. 

5  fire  device  should  measure  file  coefficient  of  per 
meubility  'Within  a  factor  rjf  2  of  the  true  permeabilit  y  00  per 
cent  of  the  time 

SIIITARILITY  OF  EXISTING  METHODS 

A  detailed  "c.iev.  of  the  literature  dealing  with  the  in  situ 
determination  of  the  coefficient  of  permeability  was  con 
ducted  A  review  of  these  papers  showed  that  the  e*i:  ting 
methods  could  be  grouped  in tu  a  relatively  small  number 
ot  categories  as  shown  m  Table  1  it  became  clear  from 
the  summary  presented  in  Table  1  that  most  of  the 
methods  tor  m  situ  permeability  determination  do  not  satis 
fy  one  or  more  of  the  performance  criteria  outlined  above 
and  therefore  aie  not  directly  applicable  to  the  in  situ 
determination  of  the  permeability  of  pavement  bases  and 
subbases.  For  this  reason,  and  for  the  sake  of  brevity  no 
attempt  has  been  made  here  to  present  details  of  the 
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various  test  methods  including  analytical  considerations, 
equipment,  procedures  etc  A  complete  listing  of  the 
numerous  publications,  describing  the  various  methods 
presented  in  Table  1 .  is  included  in  References  (6)  and  (17) 

However,  it  was  found  that  the  circulation  technique 
involving  two  and  four  well  systems  (7  10).  would  be  wor 
thy  of  further  consideration  relative  to  the  in  situ  determina¬ 
tion  of  the  permeability  of  pavement  bases  and  subbases 
Unfortunately,  a  detailed  mathematical  analysis  (verified  by 
electrical  analog)  showed  that  some  of  the  measurements 
required  in  this  technique  were  neither  reliable  nor  practi 
cal  (b) 

It  was  also  found  that  the  concept  embodied  in  the 
shoulder  permeability  test  method,  suggested  by  Maytm 
(11)  had  some  promise  This  concept  suggested  that  the 
change  in  soil  conductivity,  associated  with  the  flow  of  pore 
water  with  a  salt  concentration  different  than  that  ot  the 
natural  pore  water,  might  be  an  effective  means  of  measur 
ing  the  seepage  velocity  between  two  points  and.  thus,  lead 
to  a  direct  application  ot  Darcy's  law  for  determination  of 
permeability.  Indeed  It  w;- ,  found  that  this  principle  had 
been  used  by  Szily  (12)  in  the  study  of  the  permeability  of 
undisturbed  sand  samples  and  by  Bouwer  and  Rice  (I3i 
and  by  Denisov  114)  in  the  determination  of  the  velocity  of 
flow  between  two  points  In  a  natural  soil  deposit  Wenzel 
(15)  even  referred  to  the  development  of  this  method  by 
Slitchter  as  described  in  a  paper  (16)  published  as  early  as 
1902  This  method,  referred  to  henceforth  as  the  velocity 
technique  .  formed  the  basis  for  the  development  of  the 
prototype  FPTD. 

THE  VELOCITY  TECHNIQUE 

Fundamental  Considerations 

As  noled  above  the  velocity  technique  involved  the 
direct  application  of  Darcy's  Law.  which  can  be  stated  as 
follows 


where  v  is  the  discharge  velocity,  k  is  the  coefficient  of  per 
meability  (in  units  of  velocity),  and  i  is  the  dimensionless 
hydraulic  gradient  Tins  hydraulic  gradient,  i.  can  be  ex 
pressed  in  finite  difference  form  as 

i  Ah  L 

where  A  h  is  the  loss  of  the  total  head  between  two  points 
on  a  flow  path  (streamline)  in  the  flow  domain,  and  L  is  the 
distance  measured  along  the  flow  path  between  these  two 
points  Furthermore,  the  discharge  velocity,  v.  can  he  ex 
pressed  as 

V  M  Vp 

where  vp  is  the  seepage  velocity  (i  e  the  actual  average 
velocity  of  flow  within  the  pores  of  the  soil)  n  is  the  por< isity 


of  the  soil  Thus.  Darcy  s  Law  can  be  rewritten  and  solved 
for  the  coefficient  of  permeability.  !•  'o  give 

n  vp 

k  _ 

A  L 

Furtherdevplnpment  of  the  velocity  technique  required  (a) 
a  method  for  the  establishment  of  saturated  steady  state 
flow  within  the  layer  of  base  or  subbase  to  be  evaluated, 
(la  a  method  for  measuring  the  average  seepage  velocity. 
Vp  along  a  flow  path  between  two  points,  a  known  dis¬ 
tance.  L.  apart .  (c)  a  method  for  determining  the  head  loss, 
A  h  between  these  two  points,  and  a  method  for  determin¬ 
ing  the  in  situ  porosity  n.  of  the  base  or  subbase  being 
evaluated 

Development  of  the  Technique 

Theoretical  and  experimental  studies  were  conducted  to 
provide  the  equipment  and  procedures  necessary  for  the 
development  of  a  practical  in  situ  permeability  measure¬ 
ment  system  based  on  the  velocity  technique.  Relative  to 
the  critical  items  cited  above  for  the  development  of  the 
technique,  the  following  conclusions  were  reached. 

1  Saturated  steady  state  flow  could  be  established  by  in¬ 
jecting  water  under  constant  head  through  a  perforated  in¬ 
jection  tube  located  in  the  center  of  a  circular  plate.  Flow 
net  studies,  conducted  using  electric  analogs,  showed  that 
the  flow  patern  and.  thus,  the  configuration  of  the  stream¬ 
lines  and  equipotential  lines  could  be  controlled  by  regulat¬ 
ing  the  plate  diameter  and  injection  depth  relative  to  the  ex¬ 
isting  boundary  conditions,  i.e .  the  base  and  subbase 
layer  thickness  and  their  relative  permeabilities.  Ideally,  it 
was  desired  to  create  a  flow  pattern  such  that  the  stream¬ 
lines.  within  a  certain  zone  in  the  top  layer  (i.e..  the  one 
being  evaluated),  would  be  essentially  parallel  to  the  sur¬ 
face  Flow  net  studies  showed  that  this  condition  could  best 
be  achieved  by  injection  of  the  water  over  the  full  depth  of 
fire  layer  when  it  is  underlain  by  an  impervious  stratum  or 
one  of  much  lower  inermeability  It  was  also  discovered  that 
full  depth  injection  is  not  absolutely  necessary  under  these 
boundary  conditions  in  order  to  establish  a  sizeable  zone 
of  essentially  horizontal  flow 

2  Electrical  conductivity  could  be  utilized  for  measurement 
of  seepage  velocity  In  this  scheme,  once  saturated  steady 
state  flow  has  been  established  a  quantity  of  electrolyte 
solution  is  introduced  through  the  injection  tube,  and 
electric  conductivity  probes  are  used  to  time  the  rate  of  flow 
between  two  selected  points  on  a  streamline  Of  the  con 
ductivity  measurements  investigated,  a  system  that  con¬ 
sisted  of  a  two  wire  probe  and  a  microammeter  was  judged 
to  he  the  simplest,  most  effective,  and  most  economical  for 
both  laboratory  and  field  use 

:t  Two  possible  methods  were  considered  for  determining 
the  head  loss.  Ah  between  ihe  velocity  measuring  probes 


Figure  1  Schematic  Diagram 

in  the  flow  domain  (a)  the  analytical  (mathematical)  evalua¬ 
tion  of  the  nead  loss  between  the  two  points  as  a  function 
of  the  measured  flow  rate  and  the  total  head  loss  through 
the  system,  and  (b)  the  direct  measurement  of  the  head 
loss  between  the  two  points  It  was  found  that  the  analyti 
cal  solution  required  a  knowledge  of  the  ratio  of  the  per¬ 
meabilities  of  the  various  layers  of  the  flow  domain  There 
fore,  it  was  decided  that  the  head  loss.  Ah,  would  be  deter 
mined  by  direct  measurement  of  the  fluid  pressures  at  the 
ends  of  the  electric  conductivity  probes  Either  a 
manometer  or  a  differential  pressure  gage  (DPG)  could  be 
utilized  for  the  measurement 

4  Using  measured  values  of  the  dry  density  (\i)  and  the 
specific  gravity  of  solids  (Gs)  of  ttie  soil,  the  porosity  (ni 
could  tie  calculated  using  the  expression 


The  basic  features  of  the  principal  components  of  the  field 
permeability  test  device  are  illustrated  schematically  in 


ol  FPTD  and  Its  Subsystems 

Figure  1  As  indicated  in  the  figure,  the  pressure  taps  were 
incorporated  into  the  electric  conductivity  probes  The 
electric  conductivity  probes  were  subsequently  modified 
so  that  both  the  wire  ends  and  the  pressure  taps  were 
placed  in  the  sides  rather  than  the  ends  of  the  probes 

Preliminary  Laboratory  Studies 

The  accuracy  and  reliability  of  the  technique  were 
studied  initially  by  placing  electric  conductivity  pressure 
probes  in  the  side  of  a  modified  constant  head  permeability 
test  device,  and  then  comparing  the  coefficient  of  per 
meability  values  based  on  the  velocity  technique  and  the 
conventional  constant  head  method  In  addition  to  assist 
mg  in  verification  of  the  viability  of  the  velocity  technique 
two  significant  observations  were  made  as  a  result  of  these 
studies:  viz 

1  Some  error  is  introduced  into  the  velocity  determination 
because  of  the  effects  of  hydrodynamic  dispersion  and  dif 
fusion  of  the  salt  solution  Thus,  the  apparent  velocity  of 
fk  iw  between  ttie  two  probes,  as  measured  by  the  initiation 
of  conductivity  change  was  slightly  higher  than  the  actual 


on 


average  velocity  of  flow  as  determined  in  the  constant  head 
permeameter  It  was  found,  however,  that  the  magnitude 
of  this  error  was  time  dependent  and  could  be  minimized 
by  using  a  combination  of  probe  spacing  and  hydraulic 
gradient  that  permitted  the  test  to  be  run  in  the  slimiest 
possible  time 

2.  It  was  also  found  that,  of  all  the  electrolyte  solutions 
tested,  the  best  results  were  achieved  using  an  ammonium 
chloride  (NH4CI)  solution  consisting  ol  25  milligrams  ul 
ammonium  chloride  in  100  milliliters  of  water 

A  substantial  amount  of  data  was  a.  cumulated  using  the 
two  wire  electric  probe  with  pressure  tap  system  installed 
in  the  modified  constant  head  permeameter  The  resulting 
data  are  summarized  in  Figure  2  which  shows  the  com 
parison  between  the  coefficient  of  permeability  (I-.  i,i 
measured  with  the  modified  constant  head  device,  and  that 
determined  with  the  velocity  technique  (kp)  using  the  two 
wire  electrical  probe  system  As  can  be  seen  in  ^-gum  v 


the  velocity  technique  produced  a  very  good  approximn 
lion  to  the  results  obtained  with  the  constant  head  p-r 
meameter  although  it  did  produce  a  slight  <  >ver  prediction 
of  the  coefficient  of  permeability  because  of  the  disperse  in 
alii  I  diffusir  in  phenomena  discusser  I  |  irevii  >usly  Evei  i  .'.it 1 1 
this  problem,  almost  all  of  the  data  foil  within  the  US  percent 
confidence  limit  band  and  thus  confirmed  the  viability  of 
the  velocity  technique  for  in  situ  permeability  measure¬ 
ments 

Before  fully  developing  the  prototype  field  permeability 
test  device  (FPTD)  a  preliminary  device  was  tested  in  a 
large  laboratory  cell  system  especially  fabricated  for  this 
research  investigation  (6.17i  Tins  system  permitted  the 
direct  determination  of  coefficient  of  permeability  values 
lor  simulated  base  and  subbase  courses  under  saturated 
horizontal  sheet  flow  conditions  In  addition  since  the  in 
dividual  cells  had  a  plan  area  ot  5  feet  by  5  feet  (1  5  m  *  1  5 
m).  in  situ  measurements  could  be  made  using  a  prelum 
narv  '<orcinn  nf  t> ie  prototype  FPTD  A  limited  test  series 
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with  the  | iii-limin-.ti v  devi' yielded  •  elleut  lesults  as 
shown  m  P iguie 

DEVELOPMENT  AND  EVALUATION  OF  THE 
PROTOTYPE  FPTD 


The  remainder  -  4  I  he  |  m  i|e;  t  was  d  vole.  I  Ii  >  runijjletinq 
the  (k'vi.-li  ipinenl  <  it  ilie  | ilotyjn-  FP TD  e-. aiualmg  tin-  a- 
curacy  and  leliability  ot  the  method  and  establishing  the 
suitability  ot  tlu-  equipmenl  lor  held  use  As  might  lie  i-« 
jiectod.  the  devir  e  underwent  a  number  ot  evolutional  i 
changes  and  modiluations  a  ,  (tie  laboratory  and  held 
evaluation  programs  progressed  The  luboratuiy  testing 
|  irogram  was  es|  moaliv  e*  tensive  uhli/mg  the  test  cell  sys 
tern  to  estabh-.li  the  quantitative  ••lle<  Is  ol  varying  i.eitum 
test  parameters  as  -.veil  as  the  a<:  curac  y  and  reliability  of 
tlio  method 

Description  of  the  FPTD 


steady  state  flow  during  permeability  testing  The  saltwater 
supply  tank  provides  the  electrolyte  solution  that  initiates 
the  i  uitduclivity  change  The  pressure  source,  which  main 
tains  the  gas  pressure  of  the  system,  is  a  regulated  nitrogen 
gas  cylinder  For  field  use  the  reservoir  and  pressure  sub 
system  were  mounted  in  the  rear  ot  a  West  Virginia  Umver- 
iity  (WVUi  mobile  research  vehicle 

The  contiol  and  measurement  subsystem  consists  of  the 
hydraulic  controls  the  electric  sensing  system  and  the 
pressure  sensing  system  (Figure  3)  The  hydraulic  controls 
can  shut  ofl  the  water  supply  or  precisely  regulate  the  flow 
of  either  freshwater  or  saltwater  (electrolyte)  to  the  water 
injection  probe  The  two  electric  sensing  circuits  provide 
an  adjustable  re-grouse  to  the  c  onductivity  change  that  oc¬ 
curs  as  the  electrolyte  solution  passes  the  electrodes  in  the 
sensing  probes  The  pressure  sensing  system  consists  of 
a  differential  manometer  that  determines  the  head  dif 
lerence  between  the  pressure  taps  in  the  sensing  probes 


Ttie  prototype  dev  in’  loii.-asled  ot  Hue-.’  mu|ur  subsys 
tent.-,  a.-,  shown  in  Figure  1  se  tlu-  m  nr  -  .it  and  piossum 
subsystem  (In  tin-  i.untml  and  nun  virement  subsystem 
and  to  the  plate  and  probe  subsystem 

TIi'*  n-'-.<--t ...»  and  j/te-sttm  subs,  stem  ,  .insists  .it  the 
itesh water  supni ,  tanks  sallwatm  snp|,ily  tank  and  a 
pressure  source  I  nr*  tresh'-.valei  suppiv  iairks  provide  the 
watei  !.  -i  saltii.iliii'.]  tin-  I  >ase  .  it  sul.rt.iase  and  establishing 


The  jjlate  and  probe  subsystem  consists  of  the  horizon 
tat  plate  water  injection  probe,  and  sensing  probes  (Figure 
t)  Tire  la  nch  (457  2  mini  diameter  aluminum  plate  is 
equipped  with  a  central  port  through  which  the  water  injee 
lion  probe  is  inserted  and  with  radially  located  ports 
through  which  lire  sensing  probes  are  inserted.  To  mini¬ 
mize  the  amount  of  piping  at  the  interface  between  the  plate 
and  the  base  or  subbase,  the  plate  was  machined  with  an¬ 
nular  projections  on  its  bottom  surface 


i|  i  /low  '  it  Lk  ml i nl  and  Measurement  Subsystem 


The  water  injection  probe  consists  of  closed  end  tubing 
with  holes  located  at  regular  intervals  along  its  length 
During  testing,  the  probe  is  oriented  so  that  these  holes 
[joint  in  the  direction  of  the  row  of  plate  ports  that  is  in  (In¬ 
direction  of  testing 

The  sensing  probes  were  constructed  of  stainless  steel 
tubing  with  a  brass  tip  Ttie  tip  contains  tour  ports  to  per 
mit  access  of  water  to  the  manometer  lor  head  measure 
merit  A  two  wire  elect  rode  is  brought  down  through  th<> 
sensing  probe  and  secured  m  the  tip  Both  the  water  n  ip -< 
tion  probes  and  the  sensing  probes  were  made  in  v.irious 
lengths  to  suit  the  geometry  of  the  test  situation 

Laboratory  Evaluation  of  the  FPTD 

The  principal  objectives  of  tins  component  of  the  in.es 
tigation  were  to  evaluate  performance  of  the  prototype 
FPTD  for  a  variety  of  materials  as  well  as  physical  ana 
hydraulic  boundary  conditions 

The  materials  to  be  tested  were  selected  more  on  di¬ 
basic  of  permeability  than  their  suitability  its  base  or  sub 
base  On  this  basis,  six  different  inaienals  won-  seler  led  or 
blended  to  produce  permeabilities  between  10  *  and  10 
cm  sec  (0  4x1  O'4  and  >1  in  secs 

Physically,  the-  boo  id  ary  conditions  were  varied  by  using 
either  a  homogenious  or  layered  system  with  different  l.tvei 
thicknesses  The  physical  location  ol  imperiie-abb- 
moderately  permeable  and  very  permeable  moieiiaK  wa  . 
varied  within  the  layered  system  The  locution  .it  th>*  In-, 
water  surface  was  varied  relative  to  the  position  i  it  the  lav  -i 
being  tested  In  addition  the  effects  nl  FPTD  test 
parameters  such  as  direction  of  testing,  plate  sure  prob“ 
location,  and  probe  Sfjacing  on  permeability  r  oottii  i<  nt  , 
were  evaluated  in  the  laboratory 

The  test  results  indicated  that  neither  layer  thickness  nor 
water  table  depth  significantly  affected  the  measured  i  net 
ticiont  of  permeability,  as  loncj  as  saturated  steady  date 
flow  was  established  belote  testing  Similarly  it  the  undei 
lying  material  was  either  impervious  or  moderately  per  me 
able,  it  did  not  significantly  influence  the  results  However 
some  problems  were  encountered  in  obtaining  reliable 
measurements  when  the  underlying  layer  lud  a  per 
meabitity  over  too  times  that  of  the  layer  being  tested  In 
this  case,  the  bulk  of  the  flow  was  lound  to  tin  >■»••>  abruj  -tly 
downward  and  Ihcn  horizontally  through  the  very  peiviou-- 
layer  Other  tests,  however  showed  that  |jormoahility 
measurements  ol  a  layer  that  is  above  a  much  more  per 
meable  layer  are  reliable  il  a  condition  .  >t  steady  .tat.- 
saturated  flow  is  maintained  in  both  layers 

The  evali latii  in  of  the  mtluenr  •>  of  tin  -  direi.b-  m  ol  te-'ing 
showed  as  expects  I  tliat  some  mat>-nals  exhibited  i  m 
■adorable  vanatii  jiis  whereas  *  illiers  sbi  iwed  .  inl  y  si  nail  ■  III 
ferences  These  result,  suggest  that  i-iin-.iil.-i.il.:. 
anisotropy  might  exist  partu  ularly  under  1 1< •!< I  .  on. Iilmu 


Alter*;  placement  and  .  .  imp.;-  t..  ,n  .  ■!  bases  and  subbases 
might  not  be  i-,  tti t.'f<  rim  as  m  the  iaburutoi  y  test  cells  C>  m 
secjiientlv  in  actual  praitice  it  would  be  cl. ■-.liable  to  per 
form  tests  in  orthayolial  ditei  (ions  at  ti  given  test  location 
and  then  take  the  permeability  as  the  geometric  mean  ol 
the  results 

The  influence  o!  ;t)e  (via to  -,i.'“  the  ■ter-th  o'  Hit  /.ate'  in 
loetiun  probe  n.-:i  the  depth  .■  ■■  -it. on  ami  pacing  of  the 
-.'-us.'.'ir;  [.robes  an-  ml  wr. -toted  id-ally  these  parameters 
•i list  be  .  .  .i  ib  oil- - 1  b  |ii ..id ur  <•  a  /i  of  essential! , 
!:•  in.’unial  Ho/.  .  th.it  "i'-  bn  -  - -f  '■! ic-  sensing  probes  ...;ti 
he  ii’Cate  i  on  a  i:  g|e  .! i --. imhn- ■  It  a. is  found  that  plate 
i  an  b<  heir!  -  slant  -f  tin-  depth  if  tin-  wa!-'r  iujf\ 

tion  probe  and  the  depth  md  lo...at:-.i'  .-!  the  s-.-nsinci 
probes  ,-jr  i.  i.-r.  y-  ■;  -  .n  ill  -  ill.-’.  1  T!  leu  'f-  it  •  •  the  i;;  inch 
i-loT  mm.'  diameter  pi. rt e  v..r,  selected  tor  most  ot  the 
laboratory  and  fr<  Id  tests  Foria  ,  .-rc  V.:  inches  (304  8  mmi 
thic.k  -  ;i  less  full  depth  penetration  of  the  v.atei  injection 
was  tcqui.md  For  la,  or.:,  limn  H:  be  Hi  in.. lies  biu-1  <■:  to 
■157  s  mm)  tliic  I  a  K:  inch  idit-l  b  tnnn  penetration  depth 
was  lound  to  be  satisfar.iorv  F-  n  layers  I. than  '  ?  inches 
UhM  b  mini  thic  !■  j  il. icing  the  ti;  •  •  if  *fv. -  sensing  protjes  at 
I tii-  ceniei  ot  ll  ie  layer  proved  satisfactory  For  layer  thick 
iHO'.i-si'.cewliiKi  t  .7  ii  si  he- i.'ij-l  a  mini  the  sensing  probe 
I-  bill;  .In. ni. I  in  .1  u»U“".l  n  Ha  he  ,  ( t  5.--  .[  mini  However 
bn  l.i.  —r  It  m  k  nesses  exeec-uiny  1 in.  lev  t  ;(■  I  n  mm)  il  is 
desirable  tu  mal-e  measurements  at  several  depths  and 
a. et,).|e  Hi--  results  Although  the  results  of  teds  to  deter 
"iin<‘  ttie  inline-h'  •-  of  sen-  mg  | nolle  io<  a!:or-  /.ere  some 
.sli.it  •  rib  it  ii  II  i“y  t“i  1. 1>  si !- .  -.In  iw  tl  ul  tl  ie  I  ".-s'  results  weie 
[.III  ului  e.  I  With  ?  HI.  1 1  .'si  -  I’ it  1  Ii  and  ,i  II it  11  l~G  ;■  mil II  s) M. 
in.  I  witti  lli“  mien,  n  pn  ilje '. .(  ated  within  ttie  centei  third 
ol  lie-  plate  that  is  v.ilhin  o  inches  i70  mint  of  the  r  enter 
This  wa-.  partu  ulatlvltue  v.Ih-i  .  -  a  layet  <  >1  highly  pet  meable 
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Figure  4  Comparison  Between  Permeability  Determined  In  Tesl  Cells  and  Permeability  Measured  By  FPTD 


the  prototype  FPTD  satisfied  t ho  requirement  that  it 
measure  the  coefficient  of  permeability  within  a  factor  of 
of  the  true  value  90  percent  of  the  time 

Field  Evaluation  of  the  FPTD 

The  performance  of  the  FPTD  was  evaluated  under  ac 
tual  field  conditions  The  field  testing  program  consisted  of 
investigations  at  18  test  sections  in  13  locations  in  8  States 
(Kentucky.  Maryland.  Michigan.  North  Carolina.  Ohio.  Pen 
nsylvarna  Tennessee  and  West  Virginia)  Almost  all  of  the 
test  sections  consisted  uf  a  single  base  or  subbase  layer 
overlying  an  impervious  subgrade  Samples  were  collected 
at  each  test  location  and  returned  to  the  WVU  laboratories 
for  physical  propertiesand  permeability  testing  Inaddition 
field  nuclear  moisture  density  determinations  were  made 
at  eardi  test  location  These  tests  were  conducted  to  cal 
dilate  the  in  situ  porosity  of  the  layer  and  provide  the  tar 
get  dry  density  values  for  the  laboratory  permeability  tests 


Tlte  FPTD  performed  satisfactorily  in  the  field  on  all  but 
3  of  the  1 8  test  sections  In  two  tests,  the  flow  rate  required 
to  maintain  steady  state  state  flow  in  the  base  exceeded 
the  flow  capability  of  the  FPTD  Laboratory  time-lag  per 
meameter  tests  (3)  on  these  materials  revealed  average 
permeability  coefficients  near  the  proposed  upper  limit  of 
the  operating  range  of  the  equipment  The  third  failure  oc 
curred  on  a  dense  graded  aggregate  base  that  had  a 
laboratory  permeability  coefficient  near  the  lower  operat 
mg  limit  of  the  equipment  In  all  three  failures  excessive 
piping  at  the  plate  base  course  interface  was  found  to  be 
one  of  the  limiting  conditions  As  a  result,  the  annular  ser 
rations  previously  noted  were  machined  into  the  base  of 
the  plate  in  an  attempt  to  develop  a  better  interfacial  seal 
Although  subsequent  performance  improved  none  of  the 
remaining  test  sections  exhibited  particularly  high  or  low 
permeability  values  so  the  interfacial  seal  was  not  tested 
under  either  extreme  It  was  also  noted  that  a  better  inter 
I. trial  seal  could  be  achieved  on  freshly  compacted 
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material  than  on  bases  or  subbases  that  had  been  in  place 
and  under  traffic  for  some  time 

Although  the  comparison  of  field  test  results  with  those 
on  samples,  that  had  been  returned  to  the  laboratory  for 
preparation  of  permeability  test  specimens,  were  not  par¬ 
ticularly  good,  it  was  recognized  that  there  are  certain  in¬ 
herent  problems  in  comparing  field  and  laboratory  test 
results.  There  may  be  differences  in  dry  density  (porosity), 
differences  in  direction  of  fluid  flow,  and  differences  in 
fabric  (particle  orientation).  The  laboratory  evaluation  (dis¬ 
cussed  above)  on  carefully  controlled  samples  established 
that  the  prototype  FPTD  could  produce  consistent  and  ac¬ 
curate  results  over  a  relatively  wide  range  of  material  types 
and  boundary  conditions. 

The  field  evaluation  program  conducted  by  the  Depart¬ 
ment  of  Civil  Engineering  at  West  Virginia  University  did 
identify  potential  minor  problems  with  the  equipment, 
demonstrate  its  ruggedness  and  durability,  and  assist  in 
developing  a  systematic  test  procedure  The  program  also 
identified  possible  refinements  to  improve  equipment  por¬ 
tability  and  operation  The  sensing  probes  were  the  only 
components  that  presented  problems  during  field  testing, 
but  the  probes  are  inexpensive  and  easy  to  replace  when 
failures  occur. 

SUBSEQUENT  FIELD  EVALUATIONS  OF  FPTD 

Following  the  completion  of  the  West  Virginia  University 
contract  with  FHWA.  at  the  end  of  May.  1979.  the  prototype 
FPTD  was  turned  over  to  the  Federal  Highway  Administra¬ 
tion  for  further  development  and  testing.  The  equipment 
was  rebuilt  at  the  FHWA  Fairbank  Research  Station  and  a 
program  of  field  testing  was  initiated  Although  the 
prototype  FPTD  was  repackaged  by  FHWA.  the  equipment 
and  all  its  subsystems  were  basically  unchanged  Thus,  at 
this  stage,  the  system  was  still  considered  to  be  the  first 
generation  of  the  FPTD. 

The  FHWA  subsequently  contracted  with  various  state 
highway  agencies  to  evaluate  the  equipment  in  the  field  in 
what  might  be  considered  typical  applications  in  their 
states.  These  evaluations  took  place  between  the  Fall  of 
1980  and  the  Spring  of  1981  and  included  tests  performed 
by  Dames  &  Moore  (18),  the  Pennsylvania  DOT  (19).  the 
West  Virginia  DOH  (20).  the  State  of  Washington  DOT  (2 1 ). 
and  the  State  of  Florida  DOT  (22).  The  Dames  &  Moore 
tests  were  an  unofficial  evaluation,  conducted  by  Mr  John 
Wallace,  a  Dames  &  Moore  Project  Manager  who  had 
been  a  WVU  Graduate  Research  Assistant  assigned  to  the 
development  of  the  FPTD 

Field  tests  on  the  First  Generation  FPTD 

The  tests  conducted  by  Dames  &  Moore  (18)  were 
designed  to  evaluate  anisotropy  of  base  and  subbase 
layers  in  a  project  in  New  Mexico  Although  the  equipment 
performed  satisfactorily  in  this  application  and 


demonstrated  that  there  can  be  substantial  differences  be¬ 
tween  the  vertical  and  horizontal  permeabilities  of  com¬ 
pacted  base  and  subbase  layers,  there  was  no  real  effort 
made  to  evaluate  the  equipment  under  a  variety  of  condi¬ 
tions  it  might  be  expected  to  encounter  in  actual  practice. 

The  first  detailed  testing  of  the  equipment  was  made  by 
the  Pennsylvania  DOT  under  contract  with  FHWA  (19).  In 
this  study,  very  detailed  testing  was  conducted  on  5  dif¬ 
ferent  base  and  subbase  materials.  A  complete  evaluation 
of  'he  equipment  was  conducted  with  generally  satisfac¬ 
tory  results.  Although  it  was  concluded  that  the  equipment 
was  theoretically  sound  and  would  provide  reproducible 
results  at  the  same  location,  it  was  found  that  the  first 
generation  FPTD  was  not  ready  for  routine  use  by  ordinary 
engineering  technicians.  It  was  found,  however,  that  ex¬ 
perienced  engineering  technicians,  who  understood  the 
operation  of  the  equipment,  could  produce  a  satisfactory 
test  result  in  about  30  minutes  A  series  of  recommenda¬ 
tions  for  improvements  to  the  equipment  was  also  provided 
by  Penn.  DOT 

The  FPTD  was  then  evaluated  by  the  West  Virginia  DOH 
(20)  under  contract  with  FHWA  Although  the  statistical 
data  collected  as  part  of  this  evaluation  seemed  to  indicate 
that  the  device  performed  its  intended  purpose  satisfactori¬ 
ly.  considerable  difficulty  was  encountered  with  the  equip¬ 
ment  at  some  locations.  In  fact,  for  the  28  locations  where 
the  equipment  was  evaluated,  valid  test  results  could  only 
be  produced  at  20  locations.  It  was  also  concluded  in  West 
Virginia  that  Hit  equipment  was  not  yet  ready  for  routine 
field  use  Several  suggestions  for  improvements  in  the 
electrodes  and  manometer  system  of  the  equipment  were 
also  provided  by  the  WVDOH 

The  next  series  of  evaluations  were  performed  by  the 
State  of  Washington  DOT  (21),  also  under  contract  with 
FHWA  Although  various  problems  were  encountered  in 
assembling  and  keeping  the  FPTD  operational,  once 
operational,  reasonable  results  were  obtained  for  most  of 
the  20  tests  that  were  performed.  However,  it  was  found 
that  it  was  difficult  to  obtain  consistent  and  reasonable 
results  in  a  slow  draining  silty  sand  material  Some 
problems  were  also  encountered  with  piping  along  the 
plate- base  course  interface  Recommendations  for  im¬ 
proving  the  equipment,  especially  its  ease  of  use  and 
reliability,  were  provided. 

Finally,  a  very  comprehensive  series  of  tests  were  con¬ 
ducted  by  the  State  of  Florida  DOT  (22)  Unfortunately,  the 
most  common  base  and  subbase  courses  in  Florida  have 
coefficients  of  permeability  that  are  at  or  below  the  lower 
limit  of  applicability  of  the  FPTD  Thus,  substantial 
problems  were  encountered  with  piping  at  the  plate-base 
course  interface,  if  the  water  injection  pressure  was  raised 
in  an  effort  to  achieve  saturation  and  steady  state  flow  in  a 
short  time  In  an  effort  to  overcome  this  problem,  a  layer  of 
Bentonite  was  used  between  the  p.ete  and  the  layer  being 
tested  This  was  apparently  successful  in  minimizing  the 
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piping  problem,  but  the  testing  times  i  e  an  average  of  7  f, 
hours  per  test,  that  had  to  be  used  were  very  large1  com 
pared  to  the  testing  times  used  successfully  in  othei  states 

Field  Tests  on  the  Second  Generation  FPTD 

Following  the  first  series  of  field  evaluations  described 
above,  the  FHWA  redesigned  and  rebuilt  the  FPTD  during 
19 82  in  response  to  the  many  suggestions  provided  by  the 
testing  agencies  Although  the  basic  concept  was  not 
changed,  the  manometer  and  other  system  hardware  was 
replaced  to  make  the  FPTD  more  compact  and  more 
durable  These  changes  included  a  new  timer  mechanism 
which  employed  an  automatic  triggering  when  Die  salt 
solution  contacts  the  probe  tip  Hie  addition  of  the  tnggei 
ii k)  device  itself  which  provided  adjustable  compensation 
for  the  natural  conductivity  of  the  tresh  water  and  the  soil 
a  modification  to  the  plate  to  provide  deeper  annular 
projections  to  result  in  less  tendancy  lor  piping,  and  re 
placement  of  the  manometer  by  a  pressure  transducei  In 
early  1983.  highway  agencies  were  again  invited  to  enter 
into  contract  with  the  FHWA  to  conduct  new  evaluations  of 
the  second  goneiation  of  the  FPTD  This  new  series  oi  tests 
were  conducted  in  West  Virginia.  New  York  and  Florida 

The  test  on  the  second  generation  FPTD  conducted  by 
the  West  Virginia  DOH  (23>.  proved  the  equipment  to  be 
satisfactory  tor  its  intended  purpose.  Although  some  minor 
changes  in  the  equipment  were  recommended,  it  was  con 
eluded  lliat  the  revised  equipment  was  substantially  belter 
than  the  previous  version  The  criticism'-  v.-t  consirie-'d 
to  be  minor  and  more  in  the  realm  ot  convenience  and 
durability  than  ac  tual  subsystem  redesign,  as  was  the  case 
with  the  earlier  version  Although  piping  beneath  the  plate 
was  not  a  problem  at  the  W V  tost  sites,  bentonite  was  used 
as  a  sealant  at  one  site  as  required  by  the  contract  with 
t-HWA  This  procedure  appeared  to  work  satislactorily 

Unfortunately,  all  ot  the  attempts  by  the  New  York  State 
DOT  (34)  to  use  the  second  generation  FPTD  were  unsuc¬ 
cessful.  because  of  an  equipment  malfunction  They  could 
not  get  the  upstream  sensing  probe  to  give  an  indication 
of  when  the  slug  of  salt  solution  passed  by  although  the 
downstream  sensing  prob'1  apparently  worked  satisfacti >ri 
ly  Thus,  tire  testing  was  concluded  and  the  equipment  was 
returned  to  FHWA 

The  final  senes  ot  tests  on  the  second  generatn  in  FPTD 
were  conducted  by  the*  State  of  Florida  DOT  (35)  It  was 
concluded  dial  the  second  generation  FPTD  benefited 
considerably  from  lire  modifications  in  design  and  r  on 
struction  and  it  was  possible  to  reduce  the  avenge  test 
mg  time  over  what  had  been  requited  during  the  e.iiliei 
evaluatu  in  tests  Nevertheless  I  line  was  still  .<  |  in  ihlein  ,rt 
developing  saturation  and  steady  state  flow  in  the  i elute 
ly  low  permeability  base  and  siibb.r.e  materials  rior.-.iat), 
used  in  Florida  Alt ti>  nigh  if  was  |udqet  I  that  the  lede  ,n  |ne  I 
FPTD  would  work  ..itisf.ir  I  only  in  the  ->  uT .  I  >  a  si  m  1 1  it  /.■  i 


designed  its  productive  use  in  Florida  would  be  limited  be 
cause  of  the  low  permeability  base  and  subbase  materials 
commonly  used 

THE  NEW  ZEALAND  EXPERIENCE 

In  1984.  the  Geomechanics  Section  of  the  Central 
Laboratories  of  the  Ministry  ot  Works  and  Development  in 
New  Zealand  began  development  of  a  FPTD.  based  upon 
that  developed  by  Moulton  anc:  Seals  (6  17|  at  West  Vir 
ymia  University  for  FHWA.  Although  based  upon  the  same 
principles,  the  FPTD  developed  at  the  Central  Laboratories 
was  slightly  different  (26).  The  sealing  plate  was  square  and 
utilized  concentric  rubber  0  rings  to  seal  the  bearing  sur 
lace  between  the  probes  and  the  plate  perimeter  In  addi¬ 
tion  a  sand  bentonite  paste  was  spread  over  the  rings 
completely  filling  the  gaps  between  them  This  was  found 
to  provide  a  satisfactory  seal,  even  when  very  high  water 
injection  |)ressures  were  used  Both  the  sensing  probes 
and  the  manometer  used  weie  slightly  different  than  in  the 
original  version  of  the  FPTD  but  the  major  difference  was 
that  Hie  detection  of  the  passage  of  the  salt  wafer  between 
liiobes  was  by  measurement  of  the  change  in  capacitance 
between  the  dual  wire  electrodes  in  each  probe 

Both  laboratory  and  field  tests  of  the  equipment  have 
shown  that  the  device  is  capable  of  measuring  the  coeffi 
cient  of  permeability  over  a  wide  range  of  values  Accord 
mg  to  McLarinand  Bartholomeusz  (261 .  it  was  believed  that 
the  equipment  had  been  evaluated  to  the  point  where  it 
ccjld  he  need  with  confidence  tc  cstr|'!;cf'.  or  n,  of  mag 
mtude  permeabilities  at  a  range  of  sites  of  interest  to  the 
National  Roads  Board  of  New-  Zealand 

CONCLUSIONS 

Although  clearly,  based  upon  the  evaluations  con 
ducted  to  date,  both  in  the  United  States  and  in  New 
Zealand,  the  FPTD  needs  further  development  and  testing 
in  order  to  become  completely  operational  for  routine  field 
use  this  equipment  has  considerable  potential  for  practi¬ 
cal  field  use  The  dev  ice  permits  the  consideration  in  design 
of  the  saturated  hydraulic  conductivity  (permeability)  of 
liases  and  subbases  and  also  permits  the  development  of 
construction  specifications  for  the  permeability  of  these 
materials  since  it  makes  available  a  mechanism  lor  the 
evaluation  and  control  ol  permeability  during  construction 
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INTROLUCTION 


The  pavement  structural  section  is 
the  most  costly  element  of  the  highway 
system.  Its  premature  failure  is  of  major 
concern.  Among  the  reasons  cited  for 
pavement  failures,  inadequate  base 
drainage  has  been  identified  as  a 
n<  tionwi.de  problem,  particularly  tor 
concrete  pavements.  Although  States  do 
design  pavements  with  ln.se  drainage  in 
mind,  many  States  have  had  to  use- 
different  ret  dial  '  ivn^nt  drainage 
techniques.  Pavement  drainage 
rehabilitation  techniques  fall  into  two 
categories:  (1)  techniques  to  seal  the 

pavement  to  prevent  surface  water 
infiltration,  and  (7)  techniques  to  remove 
water  once  it  has  entered  the  pavement 
system . 

There  are  di f i erences  of  opinion  as 
to  whether  the  various  remedial  pavement 
drainage  techniques  work  and  their 
effectiveness .  These  differences  occur 
becau.se  here  . s  a  inch  of  good 
documentation  to  substantiate  tb.  various 
opinions  and  because  of  the  many  variables 
that  affect,  paw::  i.t  drainage  .  therefore  , 

there  .  s  a  need  :  a  ,  .  <  Masse  pavement 

drainage  approach*  .  'I  hi:,  pro  ,  .-o', 
primarily  in.’*'  i  *■•:  m.<  •  I  :  *  c  ’  i  veness 

cf  retrofit  I  <u i  :  ■  i, I •  . ,  .  !,  ,  rain 
sys '  ■  ;ns  . 


OBJECTIVES 


The  object  i  v  s  ,  r-  to  ova  I  v  *te  r  d 
clearly  doenner:  the  e  :  1  v*  ru  -  s  of 

retrofit  1<  ngi  t  udi  :•  . !  ■  r,-,  i  is  in 

i  emovinr  .  a  *  o  r  Mint  •  a  >  1  to  eis-d  t  he 


pavement  system.  A  secondary  objective 
will  be  to  evaluate  various  nondestructive 
methods  for  inspecting,  and  evaluating 
pavement  drainage  systems .  The  ultimate 
objective  of  the  project  is  for  the  FHWA 
to  be  in  a  better  position  to  provide 
guidance  to  States  on  the  performance  and 
design  of  longitudinal  edgedrain  systems. 


Sti'TPE 


rHWA  field  personnel  h.  ve  canvassed 
their  regions  to  identify  projects  3-10 
years  old  that  will  cb-i:  ons  ..  ra  t  th.c-  effect 
of  retrofit  edgedrain'-.  Ext ;  nr  i  w  re- lews 
of  candidate  projects  were  conducted,  and 
to,.  States  (Alabama,  Arkansas.  California, 
Illinois,  Minnesota.  New  Yo’-k,  North 
Ca-o-inn.  Oregon,  West  "irginia,  and 
Wyoming)  were  selected  for  detailed  study 
a- id  ms  t  rumen ,  at  i  on .  An  attempt  will  be 
trade  *  o  compare  the  test  sites  with 
adjacent  control  '-cctions  where  no 
edgedrains  were  installed. 

The  Office  of  Surface  Water  of  the 
U.S.  Geological  Scrv. v  (CSGS)  is  assisting 
with  instrumentation  and  data  collection, 
kainfall  and  runotf  from  ti.e  drainage 
system  will  be  treasured  bv  a  dual  tipping 
bucket  gauge  to  d.  -t  >■ ;  :r-  i  r:>  t  he  response  of 
the  system  to  star.:  i  vc  r  :  ■;  Snick 
pres  jure  t  r.oisdus  ■  1:.- 1  mborst  soil 

moisture  hi  ok:,  will  in  ::i:.t  .lied  in  the 
pavement  sec.  ion  sssre  moisture  and 

saturation  condi ‘io:  .  '•.mb  :  :  k.  paveir.c-r.t  . 

At  several  si*..',,  cd. '.it  nr  ,  i  s  t.  ure 
n  adinr.s  wil  ,  b.  t  .k.-n  1  ■  ..  neutron  probe 
to  verify  read i vrs  from  othai  instrument 
senso rs . 

Surface  per,;  eat,  i  :  i  t  v  leadings  will 


also  be  made.  Readings  at  the 
pavement/cement -  treated  base  and  the 
cement- treated  base/subbase  interfaces  as 
well  as  deep  within  the  subbase  will  be 
recorded  using  a  constant  hear 
permeameter.  Attempts  will  be  made  to  use 
dye  injection  to  trace  flow  at  the 
pavement/cement- treated  base  interface. 

The  instrument  configuration  plan  is 
shown  in  Figure  1.  Data  will  be  collected 
and  stored  in  a  data  logger  installed  in 
an  instrument  house  at  the  site.  The  USGS 
will  retrieve  and  analyze  the  data  on  a 
monthly  basis . 

In  addition  to  the  instrumentation, 
the  condition  of  the  existing  edgedrains 
will  be  examined  by  excavating  "post 
mortem"  inspection  pits.  Condition  of  the 
edgedrain  pipe,  backfill  and  filter  fabric 
will  be  evaluated  for  clogging,  erosion  of 
fines,  and  other  evidence  of  performance. 
Visual  surveys  of  the  pavement  will  be 


made  periodically  as  well  as  measurements 
of  faulting  and  pavement  slab  deflection. 

CURRENT  STATUS 

Test  instrumentation  sites  have  been 
installed  on  1-65  near  Greenville, 

Alabama.  Different  types  of  instruments 
are  being  evaluated  and  installation 
techniques  refined.  The  remaining  States 
will  be  instrumented  in  the  Spring  of 
1989.  North  Carolina  is  scheduled  for 
instrumentation  in  late  March 

An  FHWA  draft  state-of-the-art  report 
on  concrete  pavement  drainage 
rehabilitation  has  been  distributed  for 
comment  within  FHWA.  Since  site 
installations  will  be  monitored  for  a 
minimum  of  one  year,  followed  by  "post 
mortem"  inspections,  the  final  report  for 
this  project  will  probably  not  be 
available  until  early  1991. 


Session  3: 
In-Situ  Temperature 
Measurements 
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TEMPERATURE  AND  THAW  DEPTH  MONITORING  OF  PAVEMENT  STRUCTURES 


David  C.  Esch ,  RE.  State  of  Alaska  Department  of Transpi  irtation 


Pavement  surface  and  subsurface  tempera¬ 
tures  may  be  measured  with  a  variety  of  sensors. 
True  surface  temperatures  can  b^  measured  only 
by  temporarily  installing  contact  thermometers, 
thermocouples,  or  thermistors,  or  by  use  of  a  non- 
contact  infra-red  radiation  sensing  thermometer. 
In  practice,  the  actual  surface  "skin"  temperature 
is  less  meaningful  than  the  temperature  at  the 
mid-point  of  the  pavement  layer,  which  may  be 
used  to  estimate  the  pavement’s  mechanical 
properties  and  to  determine  the  mean-annual 
pavement  surface  temperature. 

Beneath  the  pavement  layer,  temperatures 
are  generally  observed  primarily  to  determine  the 
frozen  or  unfrozen  state  of  the  granular  layers  of 
the  pavement  structure  and  the  subgrade  soils. 
For  this  purpose,  thermocouples  and  the  thermis¬ 
tors  are  the  sensors  of  common  choice,  although 
mechanical  recorders  and  even  strings  of  ther¬ 
mometers  have  been  used  for  this  purpose. 

The  location  of  the  freezing  or  thawing 
front  may  be  inferred  from  the  plotting  and  inter¬ 
pretation  of  subsurface  temperatures  at  various 
depths,  or  may  be  measured  directly  from  "frost 
tubes".  An  alternative  method  discussed  herein  is 
the  use  of  the  TDR  probe  method  to  measure 
indirectly  the  unfrozen  moisture  content  of  the 
soil.  This  procedure  may  resolve  the  dilemmas 
which  can  result  from  the  fact  that  soil  at  0°  Cmay 
be  either  in  the  frozen  or  thawed  states. 

This  presentation  discusses  the  practical 
considerations,  the  design,  installation,  monitor¬ 
ing,  and  interpretation  of  temperature  and  frost 


depth  monitoring  systems  for  roads  and  airfields, 
based  on  35  years  of  field  experience  in  Alaska. 


Introduction 

In  selecting  equipment  and  measurement 
methods  for  determining  temperatures  and  depths 
of  freezing  and  thawing  in  pavement  structures  the 
engineer  should  first  focus  on  the  purpose  of 
making  the  measurements  and  tnen  on  the  re- 
quired  frequency  and  precision  of  the  data.  Since 
the  mechanical  properties  of  asphalt-bound  pave¬ 
ment  layers  are  strongly  temperature  dependent, 
research  analyses  of  the  field  performance  of  pave¬ 
ment  structures  may  require  knowledge  of  the 
hourly,  daily,  and  annual  variations  in  pavement 
and  treated  base  layer  temperatures.  In  these 
shallow  layers,  the  accuracy  of  the  individual 
temperature  observation  probably  needs  to  be  no 
better  than  1-3°C,  but  data  recording  becomes 
essential  in  view  of  the  rapid  temperature  changes 
which  occur.  Greater  accuracy  in  recorded  meas- 
urementsof  near-surface  temperatures  is  required 
only  when  the  data  will  be  used  for  thermal  heat- 
flow  analyses  or  for  studies  of  air  to  surface 
temperature  relationships,  or  for  forecasting  the 
formation  of  road  stir. ace  ice.  Mechanical 
properties  of  unbound  soil  layers  are  not  generally 
considered  to  be  temperature  dependent  in  the 
temperature  range  above  (l"( '.  but  these  proper¬ 
ties  change  greatly  between  the  "frozen"  and 
"thawed"  states.  From  examination  of  the  pave¬ 
ment  distress  versus  age  plots  from  the  AASI ITO 
Road  Test,  it  is  apparent  that  most  of  the  damage 
occurred  during  the  brie!  period  ol  springtime 
thaw-weakening,  for  this  reason  the  location  of 
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the  freeze-thaw  interfaces  becomes  extremely 
critical  in  the  analysis  of  pavement  performance  at 
specific  times  during  the  freezing  and  thawing 
seasons.  Temperature  measurement  accuracy 
should  approach  or  exceed  0.2l’C  at  these  times. 
In  addition,  the  Engineer  must  consider  the  fact 
that  frozen  and  untrozen  soils  can  both  exist  at 
temperatures  between  0°  and  -2°C,  depending  on 
porewater  salt  contents,  clay  mineralogical  effects, 
and  hysteresis  effects.  At  these  times,  proper 
analysis  and  interpretation  of  temperature  data 
becomes  essential  in  inferring  the  locations  of  the 
freeze-thaw  interfaces.  T  he  use  of  supplemental 
data  from  devices  such  as  frost-tubes  and  time- 
domain-reflectometer  (TDR)  probes  becomes 
very  helpful  in  location  of  freeze-thaw  interfaces. 
Other  thaw  depth  detection  procedures  such  as 
soil  resistance  measurements  or  unfrozen  mois¬ 
ture  measurements  by  the  TDR  method  (Kane, 
1987)  should  also  be  considered  for  use  in  conjunc¬ 
tion  with  or  in  lieu  of  soil  temperature  measure¬ 
ments.  This  may  be  particularly  critical  where 
heavy  roadway  salting  is  used  and  salt  infiltration 
into  the  pavement  structure  is  likely. 

Information  used  in  preparation  for  this 
paper  came  from  the  literature,  and  from  in¬ 
strumentation  and  monitoring  experience  on 
more  than  twenty  road  and  airfield  pavement  and 
subgrade  temperature  measurement  sites  in  Alas¬ 
ka.  The  first  of  these  sites  were  instrumented  in 
1953,  when  five  Alaska n  roadway  sites  on  per¬ 
mafrost  subgrades  had  thermistor  cables  installed 
along  with  remote  "Bourdon  tube"  chart  recorders 
for  measuring  subsurface  and  "surface"  tempera- 
turements.  The  history  and  theory  of  temperature 
measurements  in  solids  has  been  well  reported 
elsewhere  (See  References)  and  the  focus  herein 
will  be  kept  on  the  practical  problems  and  ques¬ 
tions  which  relate  to  field  mo  Atmingof  road  and 
airfield  embankments. 


Methods  of  Temperature  Measurement 

Thermometers  tire  broadly  defined  as 
temperature  measuring  instruments  devised  to  in¬ 
dicate  their  own  temperature  based  on  physical 
changes,  and  designed  to  be  inserted  into  areas 
where  the  adjacent  temperature  is  desired.  The 
most  common  of  these  is  the  liquid-in-glass  ther¬ 
mometer.  Miller  ( l‘)85)  discusses  the  use  of  mer¬ 
cury-glass  thermometers  by  u  Dr.  Williams  to 
measure  soil  temperatures  in  Vermont  in  1789. 
Mercury'  thermometers  tire  still  in  common  use  in 
China  to  measure  soil  near-si. rface  and  subsurface 
temperatures,  particularly  tor  studies  involving 
foundations  on  permalroa. 


Since  the  establishment  of  the  Internation¬ 
al  Temperature  Scales  and  refinement  of  the  liq¬ 
uid-in-glass  thermometer,  many  other  procedures 
for  the  measurement  of  temperature  have  been 
developed.  Baker  et  al.  (1975)  provides  a  good 
discussion  of  six  types  of  thermometers  and  also  of 
"radiation  pyrometers"  which  are  non-contact 
temperature  indication  devices.  For  temperature 
measurements  in  pavements  and  in  soils,  the 
temperature  range  of  concern  is  from  -50  to 
-I-  60°C.  Consideration  should  be  given  to  several 
devices  suitable  for  use  over  this  range  of  tempera¬ 
tures;  listed  and  described  as  follows: 


Radiation  Pyrometers 

These  devices,  sometimes  termed  "infrared 
thermometers"  are  available  from  several 
manufacturers,  and  provide  acceptably  accurate 
measurements  of  pavement  surface  temperatures 
(_+_2°C)  when  operated  within  the  manufacturer’s 
recommended  temperature  range.  Their  primary 
use  is  in  control  of  asphalt  pavement  mix  compac¬ 
tion,  to  observe  field  cooling  rates,  and  also  for 
approximate  observations  of  pavement  tempera¬ 
tures  during  field  deflection  testing  in  conjunction 
with  Benkelman  Beam,  falling  weight  deflec- 
tometer  (FWD),  or  cyclic  load  test  methods 
(Dynaflect  &  Roadrater).  Typically  available 
equipment  with  a  sensitivity  of  about  1°C  is  avail¬ 
able  in  the  cost  range  of  $300  to  $900.  Some  units 
allow  adjustment  for  the  emissivity  of  the  pave¬ 
ment  surface  and  can  be  calibrated  in  the  field  if 
the  actual  surface  temperature  is  measured  by 
more  precise  methods.  Infrared  thermometers  do 
not  appear  to  be  well  suited  for  continuous  record¬ 
ing  of  surface  temperatures  under  field  conditions. 
These  units  do  allow  almost  instantaneous  meas¬ 
urements  when  manually  operated,  by  simply 
pointing  the  sensor  at  the  surface  in  question  and 
observing  the  readout.  As  such,  they  have  a 
definite  place  in  the  field  of  pavement  tempera¬ 
ture  measurements. 


Bourdon  Thermometers 

Bourdon  thermometers  typically  consist  of 
a  rather  large  1/4"  to  1"  diameter  bulb  section  filled 
with  a  liquid;  a  gas  and  liquid  (vapor  pressure 
type),  or  a  pure  gas.  The  changes  in  temperature 
at  the  bulb  result  in  changes  of  volume  of  the  liquid 
or  in  pressure  of  the  gas  filling  the  bulb.  These 
changes  are  sensed  by  a  bourdon  tube,  and  indi¬ 
cated  by  a  connected  totaling  pointer,  or  used  to 
activate  a  pen-arm  on  a  chart  recorder.  By  proper 
design  these  units  can  be  fabricated  to  read  over 
any  specified  temperature  range,  with  the  sen- 
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sitivity  being  a  function  of  temperature  range. 
They  have  the  added  advantage  that  the  connect¬ 
ing  tubing  between  the  temperature  sensing  bulb 
and  the  bourdon  tube  readout  may  be  100  feet  or 
more  in  length.  They  are  ideally  suited  for  7  to  31 
day  chart  recorders  which  can  be  driven  by  battery 
power  or  by  key-wound  clock  mechanisms.  Ac¬ 
curacy  of  1°  -  2°C  is  provided  and  calibration 
checks  may  be  easily  made  by  inserting  the  bulb  in 
an  ice-water  bath.  The  previously  mentioned 
temperature  recorders  first  purchased  and  in¬ 
stalled  at  Alaskan  roadway  sites  in  1953,  have  been 
used  periodically  at  various  field  sites  over  a  30 
year  period.  For  simplified  continuous  mechani¬ 
cal  recording  of  near-surface  pavement  tempera¬ 
tures,  the  bourdon  thermometer  may  still  merit 
consideration  for  monitoring  of  pavement  layer 
temperatures. 

Installation  of  bourdon  thermometers  is 
best  done  by  placing  a  rigid  plastic  or  metal  access 
casingat  the  desired  depth  beneath  the  pavement 
surface  during  construction.  Typically,  a  casing  is 
placed  just  beneath  the  final  pavement  layer.  The 
access  casing  then  allows  the  temperature  sensing 
bulb  to  be  inserted  beneath  the  desireu  location 
and  removed  as  necessary  for  periodic  calibration 
checks. 


Liquid-in-Glass.  Thermometers 

The  primary  use  of  these  simple  tempera¬ 
ture  measurement  devices  in  pavement  studies  is 
for  the  observation  of  pavement  layer  internal 
temperatures  during  non-destructive  (FWD,  etc.) 
field  testing.  The  proper  analysis  of  pavement 
responses  to  test  loadings  by  the  "back-calculation" 
of  layer  elastic  properties  requires  a  reasonable 
estimation  of  e  average  pavement  layer 
temperatures;  or  better  yet,  of  the  temperatures  at 
the  top,  middle,  and  bottom  of  the  asphalt-bound 
layers.  These  temperatures  may  be  measured  by 
punching  or  drillmg  a  small  hole  to  the  desired 
depth,  filling  it  with  a  conducting  fluid,  and  insert¬ 
ing  a  partial-immersion  type  thermometer.  The 
precision  of  such  thermometers  can  be  almost  any 
level  desired,  depending  on  the  functional  range 
of  the  thermometer  used.  The  principal  disad¬ 
vantages  of  glass  thermometers  for  subsurface  ob¬ 
servations  are  the  several  minute  waiting  time 
required  for  stabilization  of  temperatures,  and  the 
fact  that  the  access  holes  or  tubing,  and  heat  con¬ 
duction  along  the  thermometer,  may  in  themselves 
change  slightly  the  indicated  temperatures.  For 
use  in  measuring  pavement  temperatures,  a  "par¬ 
tial  immersion"  glass  thermometer,  or  a  small 
metal  bourdon  thermometer  of  the  one-piece  type 


having  a  rotating  pointer  on  the  dial  face  are  the 
preferred  types. 


Electrical  Resistance  Thermometers  (RTDs) 

The  electrical  resistance  of  a  wrapped  coil 
of  platinum  wire  has  been  found  to  increase  nearly 
linearly  with  temperature  over  a  wide  temperature 
range  (Fig.  1).  Precisely  prepared  and  calibrated 
platinum  resistance  thermometers  are  generally 
regarded  as  the  most  accurate  and  reliable 
laboratory  measurement  system  for  the  tempera¬ 
ture  range  of  -200  to  +1177°F.  However,  the 
relatively  large  size  (0.1"  to  0.3"  x  1")  of  the  sensors, 
their  slow  rate  of  temperature  change  versus  time, 
their  small  change  in  resistance  with  temperature 
(0.4  to  2  ohms/  C),  and  the  high  costs  of  RTD 
sensors  ($75-$  150)  have  generally  led  to  a 
preference  for  other  types  of  sensors  for  field  use. 
A  second  type  of  thermally  sensitive  electrical 
resistor,  termed  the  "thermistor",  is  currently 
favored  for  precise  temperature  measurements  in 
the  vicinity  of  0°C,  as  discussed  below. 


YSI  238  Platinum  Resistance  Element 


Fig.  1.  Typical  Platinum  Resistance  Thermometer  (RTD), 
resistance  versus  temperature  plot. 


Thermistors 

Thermistors,  named  for  THERMallv  sen¬ 
sitive  resISTORS.  generally  have  an  inverse  and 
very  non-linear  relationship  between  resistance 
and  temperature.  Their  primary  attribute  is  their 
large  change  in  resistance  with  temperature.  A 
commonly  used  type  varies  by  roughly  500  ohms 
per  °C  in  the  vicinity  of  0°C  (Fig.  2),  allowing  for 
easy  measurement  of  temperatures  with  a,  low- 
cost,  portable  ohm-meters  or  an  appropriate 
recording  device. 
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YSI  44030  Thermistor 


Fig.  2.  Typical  plot  of  resistance  versus  temperature  for  a 
common  thermistor  type. 

Thermistors  are  manufactured  by  com¬ 
pressing  and  sintering  powdered  metal  oxides  to 
form  small  beads  or  discs.  Lead  wires  are  con¬ 
nected  to  opposing  sides,  and  the  thermistors  are 
then  encapsulated  in  glass  or  epoxy  for  moisture 
resistance. 

The  first  temperature  measurement  cables 
installed  at  Alaskan  permafrost  roadway  sites  in 
1953  utilized  thermistor  discs  which  were  about 
1/2  inch  in  diameter.  The  resistance  versus 
temperature  relationships  of  these  early  thermis¬ 
tors  were  all  individualistic,  and  separate  calibra¬ 
tion  equations  had  to  be  used  for  each.  In  addition, 
the  stability  of  temperature  versus  resistance 
calibrations  over  time  were  in  doubt,  and  these 
early  cables  were  removed  and  re-calibrated  after 
about  5  years  in  service.  Significant  changes  in 
calibration  were  noted.  Thermistors  installed  at 
Alaskan  sites  at  Fairhill  (1979)  and  at  Gardiner 
Creek  (1983)  have  also  presented  long-term  drift 
problems,  as  evidenced  by  different  indicated 
temperature-time  trends  from  adjacent  deep  ther¬ 
mistors  (Fig.  3  and  4).  The  drift  in  thermistor 
calibrations  over  time  is  generally  attributed  to  the 
development  of  micro-cracks  in  the  sintered  ther¬ 
mistor  pellet.  This  cracking  is  intensified  by  peri¬ 
odic  overheating  or  temperature  cycling. 

In  recent  years,  new  manufacturing  proce¬ 
dures  for  thermistors  have  improved  their  consis¬ 
tency,  durability,  and  interchangeability.  Sorted 
and  matched  thermistors  may  be  purchased  to 
provide  interchangeability  from  0.2°C  to  better 
than  0.05°C,  so  that  a  single  temperature-resis¬ 
tance  equation  may  be  used  for  all  sensors  in  a 
given  caole. 

The  concern  over  stability  in  soil  burial,  in 
spite  of  careful  preparation  and  sealing  efforts 
aimed  to  exclude  moisture,  remains  as  the  major 


Temperature  °C 


Fig.  3.  Temperature  versus  depth  plots  in  September  for 
same  thermistor  string  in  first  (1079),  fourth,  and  fifth  years. 
Indicates  drift  of  calibrations  on  thermistors  at  11.5  and  14.5 
ft.  depths. 

objection  to  use  of  thermistors  for  long-term  soil 
burial.  In  some  pavement  installations,  one  would 
like  the  sensors  to  remain  stable  and  useable  for 
periods  of  20  years  or  more.  One  alternative  ap¬ 
proach  is  to  install  access  casings  through  the  pave¬ 
ment  surface,  and  to  progressively  lower  a  single 
thermistor  probe  for  logging  temperatures  at 
selected  depths.  Though  time-consuming  and  dis¬ 
ruptive  to  traffic,  this  procedure  provides  very  high 
accuracy  if  the  access  tube  is  kept  small  and  filled 
with  a  fluid  such  as  glycol  or  oil.  It  minimizes  the 
installation  costs,  allows  the  periodic  re-calibra¬ 
tion  of  the  thermistor  probe,  and  may  be  ideal 
when  infrequent  thaw  depth  data  is  needed  at  the 
lowest  possible  cost. 


Thermocouples 

Thermocouples  are  simply  electrical  junc¬ 
tions  of  two  wires  made  of  dissimilar  metals,  and 
function  based  on  "Seebeck-effect"  voltages 
generated  by  the  heating  or  cooling  of  a  tw^-metal 
junction.  The  basic  thermocouple  measurement 
circuit  must  consist  of  a  pair  of  thermocouple  junc¬ 
tions  (Fig.  5)  with  the  voltage  measured  being 
characteristic  of  the  wire  materials  used  and  in¬ 
dicating  the  difference  in  temperature  between 
the  two  junctions  (Fig.  6).  When  the  reference 
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F.g.  4.  Temperature  versus  time  plots  of  stable  (-14.5  ft.)  and  adjacent  drifting  (-12.5  &  -13.5  ft.)  thermistors. 
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Fig.  6.  Millivolt  (V  x  10  )  output  of  Copper  -  Constantan 
or  Type  T  thermocouples  relative  to  reference  •  nclion  in  ice 
bath  at  0  °C. 


Reference  Junction 
@0"C 
Voltage  =  Vr 


Measurement  Junction 
Voltage  =  Vm 


Fig.  5.  Typical  Type  T  thermic,  -pie  measurement  circuit. 


junction  temperature  is  known,  as  0°C  in  an  ice 
bath,  the  measurement  junction  temperature  can 
be  calculated  from  standard  tables.  Many  dif¬ 
ferent  wire  materials  may  be  used.  In  practice,  for 
temperature  measurements  in  soils  the  ther¬ 
mocouple  materials  of  choice  ar^  copper  and  con- 
stantan  (an  alloy  of  copper  and  nickel),  and  are 
designated  as  "Type  T'  thermocouples.  The  ac¬ 
curacy  standards  for  Type  T  thermocouples  are 
much  higher  at  0°C  and  below,  than  the  limits  for 
other  thermocouple  types.  "Special  Type  T"  ther¬ 
mocouple  wire,  produced  to  vary  by  no  more  than 
+  0.4°C  from  the  standard  Type  T  thermocouple 
tables,  is  generally  used.  This  wire  offers  twice  the 
accuracy  of  "standard  wire".  In  practice,  a  string  of 
thermocouples  assembled  from  the  same  wire  lot 
will  generally  agree  within  +  0.1  °C  in  the  vicinity 
of  0  ,  the  critical  temperature  for  freeze-thaw 
determinations.  Ideally  the  reference  junction 
thermocouple  should  also  be  made  of  the  same 
wire  lot,  or  else  the  calibration  of  the  reference 
junction  snould  be  checked  by  placing  both  the 
temperature  measurement  and  reference  junction 
thermocouples  in  properly  prepared  ice-baths. 


Thermocouple  circuitry  and  readout 
equipment  in  use  by  the  Alaska  Department  of 
Transportation  and  Public  Facilities  is  discussed  in 
detail  in  the  paper  by  R.  Briggs,  also  presented  at 
this  symposium.  In  brief  summary,  separate  ther¬ 
mocouple  wire  pairs  are  wrapped  together  in 
cables  and  brought  out  to  jack  panels  or  2  pole 
copper-constantan  rotary  switches.  Ther¬ 
mocouple  junctions  are  twisted  anxLsoldered  or 
made  with  crimp-on  "Quik-Tips"  ,  and  then 
coated  for  waterproofing.  Field  readout  devices 
are  typically  high-resolution  (i  micro-volt)  port¬ 
able  Volt-Ohm  meters.  The  reference  junction 
temperature  is  maintained  at  0°C  bv  a  carefully 
prepat  ed  ice-bath  (Fig.  7).  In  practice,  most  errors 
in  field  readings  have  been  traced  to  improperly 
prepared  or  maintained  ice  baths  or  to  tempera¬ 
ture  gradient  effects  on  measurement  equipment 
exposed  to  low  air  temperatures  (t°C).  Tne  ice- 
bath  related  oblems  can  be  avoided  by  careful 
ice  bath  pre  .ation,  making  certain  that  the  "ther¬ 
mos”  flask  contains  no  more  water  than  necessary 
to  fill  the  voids  between  the  ice  particles,  and  that 
the  reference  junction  is  kept  near  the  mid-point 
of  the  ice  bath.  If  any  drift  in  voltage  readings 
occurs  when  the  ice  bath  is  agitated,  the  stability 
of  the  ice  bath  is  at  fault  and  more  ice  must  be 
added.  Temperature  effects  on  meters  may  be 
avoided  by  keeping  them  well  insulated,  and  allow¬ 
ing  sufficient  warmup  time.  Taking  readings  from 


Fig.  7.  Detail  of  recommended  icc  bath  reference  for  ther¬ 
mocouple  measurements. 

a.  Thermocouple  wire  with  insulating  coating 
extending  well  below  the  surface 

b.  Dewar  ("Thermos")  Flask 

c.  Crushed,  pea-size  icc  extending  to  bottom 

d.  1/4"  diameter  glass  tube 

c.  Distilled  or  dc-ionizcd  water  filling  spaces 
between  ice  granules 

f.  Cotton  plug 

g.  Silicone  oil  or  acid-free  kerosene 
b  Rubber  stopper 

i.  Water  level 


Fig.  8.  Comparison  of  Icmpcraturc  data  from  paired  thermocouples  and  thermistors  at  Bonanza  Creek  test  site 
(from  R.  Briggs). 


a  warm  vehicle  or  other  shelter  is  preferable  in 
winter. 


Field  Installation  Procedures 

Direct  soil  burial  or  placement  in  3/4"  or  1" 
plastic  tubing  are  methods  both  in  common  use. 
When  placed  near  the  surface  or  in  areas  with  high 
thermal  gradients  such  as  around  buried  insulation 
layers,  direct  soil  burial  is  preferred.  Where  sig¬ 
nificant  frost-heaving  is  expected,  care  is  required 
in  design  and  installation  to  assure  that  sensors  are 
not  progressively  pulled  out  of  position  by  frost 
action  forces.  Access  caps  or  ports  placed  in  the 
pavement  commonly  give  problems  from  intrusion 
of  water  and  dirt,  and  complete  burial  of  cables 
beneath  the  pavement,  extending  laterally  to  a 
remote  readout  box  is  always  preferred.  In  prac¬ 
tice,  deep  borings  are  backfilled  around  the  cables 
ushg  rock  chips  or  dried  mortar  sand  up  to  a  depth 
of  4  to  5  feet  from  the  surface,  above  which  native 
soils  are  placed  and  properly  compacted. 

Field  Accuracy  Expectations 

The  anticipated  field  "consistency"  of  deep 
(-20  to  -30  ft)  subsurface  temperatures  as  indi¬ 
cated  by  monthly  readings  of  thermistors  is  about 


.02°C  or  better,  which  requires  field  repeatability 
to  10  ohms  or  better.  The  short-term  (1-3  yr) 
accuracy  of  thermistors  is  considered  to  be  very 
good.  Most  deeply  buried  thermistors  placed  in 
permanently  frozen  or  "permafrost"  soils  have 
been  stable  or  have  not  drifted  more  than  0.5°C 
over  periods  of  up  to  15  years.  However,  some 
thermistors  have  drifted  by  as  much  as  4°C  after 
10  years  in  service,  in  spite  of  efforts  to  seal  them 
against  moisture.  For  long-term  service,  ther¬ 
mocouples  have  proven  superior,  although  the 
month  to  month  repeatability  of  deep  ther¬ 
mocouples  is  only  expected  to  be  0.3°C  or  better 

(Fig.  8). 

No  significant  long-term  drift  has  been 
noted  on  thermocouples  which  have  been  in  ser¬ 
vice  as  long  as  20  years,  as  judged  by  observed 
temperature  versus  depth  plots  of  many  .ertical 
strings  of  12  thermocouples  each. 


Thaw  Depth  Determinations 

The  accurate  location  of  the  top  and  bot¬ 
tom  of  seasonal  frost  layers  from  subsurface 
temperature  data  requires  some  judgement, 
coupled  with  a  consideration  of  heat  flow  theory. 
Changes  in  the  position  of  frozen/thawed  inter- 
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Thawing  Rates  at  Bottom 
and  Top  of  Frozen  Zone 


Fig.  9.  Procedure  used  lo  determine  depths  of  frec/e-thaw  interfaces  from  subsurface  temperature  data  points. 


faces  require  that  the  heat  of  fusion  of  the  soil 
moisture  must  be  removed  or  added  at  the  inter¬ 
face,  resulting  in  an  appropriate  change  in  the  frost 
depth.  The  rate  of  change  of  the  frost  depth  can 
be  calculated  from  surface  and  subsurface 
temperature  data.  From  a  knowledge  of  the  soil 
densities  and  moisture  contents  and  a  plot  of 
temperatures  versus  depth,  the  positionsof  the  top 
and  bottom  of  the  frozen  layer  and  the  rates  of 
change  of  these  positions  may  both  be  determined. 
Accurate  interpretations  require,  however,  that 
temperature  data  be  obtained  after  several  days  of 
freezing  or  thawing  weather,  when  the  surface 
layers  are  at  temperatures  well  below  or  above  the 
freezing  point.  At  times,  all  subsurface  tempera¬ 
tures  may  be  found  to  be  very  close  to  the  phase 
change  temperature,  and  accurate  thaw-depth  in¬ 
terpretations  th  n  become  much  more  difficult  or 
impossible  to  make. 

The  procedure  for  thaw  depth  determina¬ 
tions  should  be  applicable  without  the  need  to 
know  the  actual  freezing  point  of  the  porewater. 
Thaw-depth  determinations  are  generally  made  as 
shown  by  Figure  9,  based  on  an  adequate  number 


of  temperature  versus  depth  data  points  obtained 
from  vertical  strings  of  12  to  lb  thermocouples  or 
thermistors.  In  this  procedure,  straight  lines  are 
drawn  through  the  two  or  three  data  points  just 
above  or  below  the  suspected  location  of  the 
freeze-thaw  interfaces,  and  the  interfaces  a  re 
determined  by  the  intersection  of  these  lines.  If 
temperatures  are  accurate,  the  freezing  point 
depression  may  also  be  determined,  as  well  as  the 
hourly  rates  of  freezing  and/or  thawing. 


The  current  costs  of  sensors,  wire,  and 
readout  devices  for  thermocouples,  thermistors, 
and  RTDs  are  shown  by  Table  l.  Costs  not  shown 
which  could  not  he  quantified  but  must  be  con¬ 
sidered,  are  these  for  fabrication  and  calibration 
checks. 

Thermocouples  require  little  preparation 
time  and  are  so  similar  in  output  when  made  from 
the  same  wire  lot  that  no  calibration  checks  are 
needed.  Flowever,  quality  2-pole  thermocouple 
switches  or  plug  panels  are  moderately  expensive, 
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Table  1.  Temperature  Equipment  and  Sensor  Costs. 


Sensor  Tvpe 

Sensor 

Unit  Costs 
Wire/50’ 

Meter 

Thermocouple 

$0.05 

$20.00 

$900 

Thermistor 

$25.00 

$12.00 

$370 

Platii  jm  RTD 

$75.00 

$15.00 

$900 

TDR  Probe 

$20.00 

$10.00 

$4600 

ranging  from  $8.00  to  $18.00  per  thermocouple 
connection. 

Thermistors  require  extreme  care  in  at¬ 
tachment  of  the  leads  and  in  sealing  against  mois¬ 
ture.  Overheating  during  soldering,  rough 
hanuling,  or  excessive  resistive  heating  will  destroy 
thermistor  beads.  Calibrations  of  completed  ther¬ 
mistors  must  be  checked  at  0°C  to  assure  consis¬ 
tency  prior  to  installation.  Switches  for 
thermistors  are  relatively  low  in  cost,  at  about 
$1.00  to  $2.00  per  thermistor. 

Table  II.  Temperature  Measurement  System  Considera¬ 
tions  and  Types  Installed  by  Alaska  DOT&PF. 


Ideal  System  for  Temperature  Measurements 

Low  Cost 
Zero  Drift 
Extreme  Accuracy 
No  Operator  Sensitivity 
Simple  to  Log  Data 
Extreme  Durability 

Use  in  Alaska  ('DOT&PF)  Practice 


Thermistors 

1953-59 

Thermocouples 

1960-73 

Combined  System 

1974-78 

RTDs 

1979-80 

Thermistors 

1979-85 

Today (1989) 

Combined 

Systems 

Platinum  RTDs  are  more  durable  than 
thermistors,  but  calibrations  should  again  be 
checked  after  fabrication,  and  care  must  be  taken 
in  preparing  and  insulating  the  lead  wires. 
Readout  equipment  for  RTDs  must  be  capable  of 
greater  precision  than  for  thermistors,  as  readings 
are  required  to  .01  ohm. 


Summary  of  Temperature  Sensor  Use  in  Alaska  - 
Past  and  Future 

The  history  of  sensor  choice  and  use  in 
Alaskan  highway  study  site  monitoring  is  shown  by 
Table  II.  It  can  be  seen  that  the  favored  sensor 
type  has  vacillated  between  thermistors  and  ther¬ 
mocouples.  RTDs  were  also  successfully  used  at 
one  2-year  study  site,  but  no  long-term  experience 
is  available. 

Where  low-cost  information  is  required 
only  on  annual  maximum  depths  of  freezing  and 
thawing  beneath  roadways,  recent  installations  by 
the  DOT&PF  have  involved  the  installation  of 
plastic  pipe  casings,  which  allow  logging  of 
temperatures  versus  depth  using  a  single  thermis¬ 
tor  probe.  For  future  installations  requiring 
temperature  measurement  cables  we  will  strongly 
consider  the  use  of  several  RTDs  in  conjunction 
with  many  thermocouples,  to  provide  a  stable 
long-term  temperature  measurement  system. 
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ABSTRACT 

Because  of  freezing  point  depression 
and  isothermal  springtime  conditions, 
frost  penetration  measurements  using 
temperature  -  sens ing  devices  can  become 
unreliable.  In  recognition  of  this 
problem  two  frost  penetration  sensors  that 
depend  on  changes  in  soil  resistivity  were 
tested.  Tests  were  conducted  on  a  parking 
area  with  an  asphalt-concrete  surface 
where  salt  was  periodically  applied  as 
part  of  snow  removal  operations.  For 
comparison,  data  were  obtained  from  a 
resistivity  probe,  a  thermocouple  probe 
and  a  thermistor  probe.  Results  indicated 
that  measuring  temperature  to  determine 
frost  penetration  can  lead  tc  large  errors 
under  some  conditions,  for  instance,  when 
salt  has  been  applied  or  when  frost  is 
coming  out  of  the  ground  in  spring.  The 
resistivity  probe  performed  reliably 
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Figure  1.  Typical  temperature  vs  depth 
curve  during  winter  months. 


during  the  entire  measurement  program. 
Conclusions  from  this  study  indicate  that 
resistivity  probes  have  definite  advan¬ 
tages  that  should  be  considered  when 
future  frost  penetration  measurement 
programs  are  designed. 

INTRODUCTION 

A  widely  used  method  for  determining 
frost  penetration  into  the  ground  during 
winter  relies  on  measuring  temperature  as 
a  function  of  depth.  This  method  assumes 
that  temperatures  below  0.0°C  indicate 
frozen  soil.  Figure  1  is  a  typical  plot 
of  temperature  vs  depth  for  Hanover,  N.H. 
in  midwinter.  It  shows  that  frost  has 
penetrated  to  a  depth  of  74  cm. 

However,  frost  penetration  determin¬ 
ations  under  roadbeds  that  rely  on  tem¬ 
perature  measurements  have  two  dis¬ 
advantages  : 
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Figure  2.  Typical  temperature  vs  depth 
curve  during  springtime  conditions. 
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1.  Salts  or  other  impurities  in  the 
soil/water  system  depress  the  freezing 
point  below  0.0°C. 

2.  During  spring  thaw,  subsurface 
temperatures  often  become  nearly  iso¬ 
thermal  at  O.U°C  (see  Fig.  2),  making  it 
difficult  to  establish  the  frost  line. 

The  problem  of  freezing  point  depres¬ 
sion  can  be  partially  solved  by  taking 
soil  samples  and  measuring  their  actual 
freezing  temperature.  But  even  then  the 
nonhomogeneity  of  the  soil  plus  the  chang¬ 
ing  springtime  groundwater  conditions  may 
cause  uncertainties  to  remain.  The 
problem  is  further  complicated  by  the 
requirement  that  the  temperature  measure¬ 
ments  be  very  accurate.  For  instance,  in 
Figure  1  an  uncertainty  of  ±  0.25°C 
(typical  for  a  thermocouple  measurement) 
would  lead  to  a  frost  depth  uncertainty  of 
approximately  5  cm.  The  same  ±  0.25°C 
uncertainty  under  the  springtime  condi¬ 
tions  of  Figure  2  would  lead  to  a  frost 
depth  uncertainty  of  approximately  40  cm. 

The  desire  to  make  frost  penetration 
determinations  independent  of  temperature 
measurements  has  led  to  the  development 
and  use  of  a  series  of  soil  resistivity 
probes.  This  paper  describes  two  of  the 
probes  developed,  gives  the  results  of  the 
initial  test  program,  and  makes  recom¬ 
mendations  for  future  work. 

THEORETICAL  CONSIDERATIONS 


Distilled  water  has  a  relatively  high 
volumetric  resistivity,  on  the  order  of 
several  hundred  megohms.  However,  for 
water  containing  even  small  concentrations 
of  impurities,  such  as  is  normally  found 


in  soils,  the  volumetric  resistivity  drops 
to  values  typically  around  20,000  ohms. 

If  this  groundwater  is  then  frozen,  the 
mobility  of  the  charge  carrier  becomes 
severely  restricted  so  that  the  volumetric 
resistivity  rises  abruptly.  Typical 
volumetric  resistivities  for  frozen 
groundwater  are  greater  than  100,000  ohms 
and  often  may  be  as  high  as  several 
megohms  (1  megohm  =  1,000,000  ohms). 

Since  the  electrical  resistance  of 
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on  the  resistivity  of  the  soil  itself,  the 
resistivity  of  the  water,  the  percent 
moisture  content,  the  resistivity  of  any 
ice  crystals  present  and  the  contact 
resistance  between  the  soil  and  the 
surfaces  of  the  sensor  plates. 

The  volumetric  resistivity  of  dry 
bulk  soils  is  normally  very  high,  on  the 
order  of  several  megohms.  Therefore,  soil 
resistivity  does  not  play  much  of  a  part 
in  determining  subsurface  soil  resistance. 
On  the  other  hand,  the  resistivity  of  the 
groundwater  is  relatively  small,  so  if  it 
is  present  to  any  appreciable  extent  it 
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Figure  3. 


Typical  resistance  vs  depth  curve. 
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will  be  the  primary  factor  in  determining 
the  resistivity  of  the  soil/water  system 
As  this  groundwater  begins  to  form  ice 
crystals  and  finally  freezes,  the  resis¬ 
tance,  as  read  by  an  external  circuit, 
will  increase  in  relative  proportion  to 
the  number  of  ice  crystals  formed.  This 
process  will  continue  until  the  resistance 
finally  becomes  stable  at  some  large  ohmic 
value  determined  by  the  resistivity  of  the 
soil- ice  mixture.  Figure  3  shows  this 
situation  schematically  for  typical  condi¬ 
tions  in  an  area  where  frost  action  is  in 
progress . 

No  absolute  resistance  measurements 
are  necessary  to  determine  frost  pene¬ 
tration  by  this  method  since  it  is  the 
shape  of  the  resistance  vs  depth  curve 
that  is  important.  Nevertheless,  it  is 
necessary  to  consider  the  method  for 
making  the  external  resistance  measure¬ 
ments  . 

If  direct  current  resistance  measure¬ 
ments  are  used,  the  groundwater  will 
almost  certainly  become  polarized,  leading 
to  erratic,  non-repeatable  and  misleading 
resistance  measurements.  Therefore, 
resistance  measurements  cannot  be  made 
with  volt-ohmmeters ,  digital  multimeters, 
DC  bridges,  or  other  commercially  avail¬ 
able  resistance  measuring  devices  which 
use  a  direct  current  voltage  source. 

Since  an  alternating  current  source 
reverses  its  polarity  each  half  cycle,  it 
avoids  the  groundwater  polarization 
problem.  With  a  low  frequency  AC  source, 
impedance  readings  due  to  cable  and  sensor 
capacitances  can  also  be  avoided.  And  if 
a  frequency  below  60  Hz  is  used,  possible 
errors  due  to  line  frequency  and  all  its 
harmonics  can  be  filtered  out  if  neces¬ 
sary.  Therefore,  a  low  frequency  AC 
resistance  measurement  is  one  method  for 
frost  penetration  determination  using  soil 
resistivity  measurements.  It  is  also 
possible  to  make  resistance  measurements 
at  higher  frequencies  (1000  Hz  or  more) 
and  filter  60-Hz  pickup  with  a  high-pass 
filter.  Both  methods  have  been  used 
successfully.  However,  this  paper  reports 
results  using  the  low  frequency  (45-Hz) 
measurement  system. 

SENSORS 

Two  types  of  probe  assemblies  have 
been  used.  The  initial  probe  assembly  was 
fabricated  using  pieces  of  copper  tubing 
as  the  sensing  surfaces  and  pieces  of 
polyethylene  tubing  as  an  insulator  and 


spacer.  The  complete  probe  was  made  by 
alternately  telescoping  together  pieces  of 
copper  tubing  3.2  cm  long  and  pieces  of 
polyethylene  tubing  3.8  cm  long. 

Diameters  were  chosen  so  that  the  outside 
diameter  of  the  copper  tubing  (2.2  cm)  was 
a  twist  fit  for  the  inside  diameter  of  the 
polyethylene  tubing.  The  expend  sections 
of  each  piece  of  copper  tubing  were  placed 
5  cm  apart  along  a  total  length  of  105  cm. 
Individual  lead  wires  (no.  22  AWG  with 
polyvinyl  insulation)  were  soldered  to  the 
inside  of  each  copper  piece  and  led  up  the 
inside  of  the  "pipe"  during  assembly. 

Each  sensing  surface  exposed  approximately 
3.5  cm2  to  the  soil. 

A  principal  design  consideration  for 
the  initial  probe  was  providing  a  large 
surface  to  make  adequate  contact  with  the 
soil.  Preliminary  tests  showed  that  for 
fine  silts  a  much  smaller  surface  area 
would  suffice.  Therefore,  a  much  simpler 
probe  was  designed  for  subsequent  tests. 
This  second  probe  was  much  easier  to 
fabricate  and  performed  equally  as  well  as 
the  first. 

The  second  generation  probe  was  a 
wooden  dowel  1.9  cm  in  diameter,  in 
various  lengths  up  to  100  cm.  At  2-cm 
intervals  along  the  entire  length  of  the 
dowel  1.0-mm  holes  were  drilled  diametric¬ 
ally  through  the  dowel.  An  insulated, 
solid  no.  22  wire  was  inserted  through 
each  drilled  hole.  The  insulation  was 


Wirt  I  9  cm 

Figure  U.  Initial  (left)  and  second 
generation  resistivity  probes. 
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then  stripped  off  the  wire  so  that  the 
bared  section  could  be  wrapped  tightly 
around  the  circumference  of  the  dowel  and 
soldered  back  upon  itself.  This  type  of 
probe  exposed  an  area  of  approximately  1.0 
cm2  to  the  soil.  Both  probes  are  shown  in 
Figure  4. 

The  individual  lead  wires  for  the 
sensing  surfaces  were  brought  out  to 
terminal  strips  at  a  readout  station.  The 
wires  were  connected  sequentially  to  the 
terminal  strips  and  readings  were  taken  in 
order  between  leads  1  and  2,  2  and  3,  3 
and  4,  etc.,  for  the  entire  length  of  the 
probe.  Leads  up  to  30  m  long  were  used. 

MEASUREMENT  EQUIPMENT 

Two  methods  were  used  to  measure  soil 
resistance.  Initially  a  commercially 
available  oscillator  and  digital  multi¬ 
meter  were  used.  Both  of  these  units  were 
operated  from  110-V,  60-Hz  line  power. 
Later  in  the  test  program  a  battery- 
operated  system  consisting  of  a  Wien- 


bridee  oscillator  and  a  batterv-operated 
digital  multimeter  were  used  in  order  to 
demonstrate  the  feasibility  of  taking 
field  measurements . 

As  discussed  previously,  it  is  not 
necessary  to  make  completely  accurate 
resistance  measurements  in  order  to  deter¬ 
mine  frost  penetration.  The  shape  of  the 
resistance  vs  depth  curve  alone  provides 
the  necessary  information.  Therefore,  the 
actual  readings  taken  were  the  voltage 
drop  across  the  unknown  soil  resistances 
as  compared  to  the  voltage  drop  across  a 
1.0-megohm  resistor  (Fig.  5).  The  circuit 
diagram  for  the  Wien-bridge  oscillator  is 
shown  in  Figure  6.  Under  this  arrangement 
the  voltage  was  read  and  plotted  directly 
with  no  intermediate  calculations  re¬ 
quired.  A  typical  plot  is  shown  in  Figure 
7 . 

The  operating  frequency  was  45  Hz. 
This  frequency  was  about  at  the  lower 
limit  for  the  AC  voltage  ranges  of  the 
digital  multimeters.  At  45  Hz  the  line 
frequency  could  be  filtered  out  and  errors 
due  to  capacitive  effects  avoided.  The 


Figure  5.  Voltage-ratio  circuit 
for  resistivity  measurements. 


Figure  7.  Typical  voltage  (resistance) 
vs  depth  curve  during  winter  season. 


Figure  6.  Wien-bridge  oscillator  circuit  for 
battery-operated  measurements. 


TEST  PROGRAM 

The  copper  ring  probe  was  tested  from 
January  to  April  as  part  of  a  program 
evaluating  several  methods  for  detecting 
frost  penetration,  including  a  thermistor 
probe  and  a  thermocouple  probe.  The  site 
selected  was  an  asphalt -concrete  -  surface 
parking  lot  at  CRREL  in  Hanover,  New 
Hampshire.  This  area  was  kept  plowed  free 
of  snow  and  therefore  experienced  sig¬ 
nificant  frost  penetration. 

As  described  earlier,  the  resistivity 
probe  was  105  cm  long  with  sensing  sur¬ 
faces  spaced  every  5  cm.  The  thermocouple 
and  thermistor  probes  were  120  cm  long 
with  their  12  temperature  sensors  spaced 
10  cm  apart  along  their  length.  The 
thermistor  and  thermocouple  probes  were 
placed  vertically  in  the  ground  with  their 
top  sensor  at  the  surface.  The  resis¬ 
tivity  probe  was  placed  in  the  ground  so 
that  the  midpoint  between  its  top  two 
sensing  surfaces  was  15  cm  below  ground 
level.  Therefore,  all  probes  were  capable 
of  reading  frost  penetration  to  a  depth  of 
120  cm.  All  three  probes  were  carefully 
installed  and  backfilled  to  ensure  good 
contact  with  the  soil.  (Earlier  tests  had 
shown  that  installation  was  extremely 
important  if  reliable,  reproducible 
measurements  were  to  be  obtained.) 
Asphaltic  concrete  patching  material  was 
used  to  reseal  the  drill  holes.  The  test 
leads  from  all  three  probes  were  buried  15 


cm  under  the  surface  and  led  to  the 
readout  station  inside  the  main  CRREL 
building  approximately  15  m  away.  Read¬ 
ings  were  taken  on  each  probe  three  times 
a  week  from  January  to  April. 

ANALYSIS  OF  DATA 

Although  it  is  not  necessary  to  show 
all  the  data  obtained  for  the  period  mid- 
January  to  mid-April  in  order  to  evaluate 
the  performance  of  the  resistivity  gauge, 
a  reasonable  sampling  is  presented  in 
Appendix  A.  These  curves  demonstrate  how 
the  gauge  reacted  to  significant  changes 
in  ground  frost  and  show  that  the  measure¬ 
ments  were  repeatable  from  week  to  week. 
Comparable  data  for  the  thermocouple  and 
thermistor  gauges  are  shown  in  Appendices 
B  and  C.  All  of  these  data  were  used  to 
compile  a  seasonal  graph  for  each  gauge 
(Fig.  8). 

All  gauges  showed  solid  freezing  down 
to  75  cm  in  mid- January.  But  beginning  on 
31  January  the  resistivity  gauge  began  to 
show  a  thawed  zone  from  15  to  25  cm. 
Neither  the  thermistor  gauge  nor  the 
thermocouple  gauge  indicated  this  thawing, 
i.e.  both  indicated  temperatures  below 
0°C.  Subsequent  measurements  indicated 
that  this  discrepancy  was  real, 
continuous,  and  repeatable  with  respect  to 
each  of  the  three  gauges . 

This  disagreement  highlighted  the 
real  value  of  the  resistivity  gauge.  An 


Figure  8.  Seasonal  frost  penetration  as  seen  by  a  thermistor, 
a  thermocouple,  and  a  resistivity  probe. 
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explanation  for  the  discrepancy  was 
sought,  and  it  was  found  that  a  mixture  of 
sand  and  salt  had  been  put  down  during 
snow  removal  operations  on  29  January. 

The  salt  had  combined  with  surface  melt¬ 
water  and  lowered  its  freezing  point.  The 
salty  meltwater  had  then  filtered  down 
through  the  cracks  in  the  asphalt  concrete 
into  the  soil,  thawing  the  soil  as  it 
went.  As  a  result,  the  resistivity  gauge 
"saw"  highly  conductive  salt  water,  which 
was  correctly  read  as  a  thawed  condition, 
while  the  temperature  gauges  saw  below- 
freezing  temperatures,  which  led  to  the 
incorrect  conclusion  of  frozen  conditions. 
This  situation  continued  through  most  of 
February,  with  the  saline  meltwater  slowly 
penetrating  into  the  frozen  soil  beneath 
it. 

On  24  February  the  weather  turned 
warmer,  bringing  substantial  amounts  of 
relatively  salt-free  meltwater  onto  the 
surface  and  slightly  beneath  it.  This 
meltwater  raised  surface  temperatures 
above  the  freezing  point  so  that  the 
temperature  gauges  began  to  indicate 
thawing  near  the  surface.  At  this  point 
in  the  season  all  three  gauges  agreed  that 
thawing  had  occurred.  However,  only  the 
resistivity  gauge  showed  that  che  effects 
of  the  salt  water  had  caused  thaw  to  a 


considerable  depth.  The  resistivity  gauge 
also  showed  that  the  warm  surface  water  of 
24  February  had  accelerated  the  rate  at 
which  the  thawed  zone  was  penetrating  into 
the  frozen  soil . 

On  5  March  all  gauges  indicated  that 
freezing  had  once  again  taken  place  at  the 
surface  (refreezing  of  the  salt-free 
surface  water) .  The  resistivity  gauge  was 
readiiy  interpreted  as  showing  a  thawed 
zone  between  two  frozen  zones.  The  tem¬ 
perature  data  are  somewhat  difficult  to 
interpret,  with  the  thermistor  gauge 
showing  an  isothermal  condition  while  the 
thermocouple  gauge  showed  solid  frost  down 
to  104  cm.  In  fact,  from  this  point  on, 
interpretation  of  the  temperature  gauges 
became  somewhat  uncertain,  with  clearly 
defined  frost  limits  almost  impossible  to 
determine.  The  resistivity  gauge,  on  the 
other  hand,  continued  to  show  the  position 
of  the  frost  lines  with  no  ambiguity, 
right  up  to  the  point  where  the  ground 
became  completely  frost-free. 

The  success  of  this  initial  test 
program  let  to  the  use  of  resistivity  type 
frost  gauges  in  several  laboratory  and 
field  test  programs  that  still  are  in 
progress  today.  For  example,  these  gauges 
are  often  installed  as  a  routine  part  of 
the  CRREL  FERF  research  instrumentation 
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Figure  9.  Temoerature  (at  22-in.  depth)  vs  resistance:  FERF  test,  trost 
entering  soil. 


92 


RESIST  O  19" 


TIME 

0  RESIST  O  21" 


A  RESIST  O  23" 


Figure  10.  Temperature  (at  22-in.  depth)  vs  resistance:  FERF  test, 
frost  leaving  soil. 


systems.  Examples  of  frost  entering  and 
leaving  a  FERF  test  section  are  shown  in 
Figures  9  and  10.  Freezing  and  thawing 
was  induced  by  freeze  panels  so  that  the 
dates  are  merely  to  show  elapsed  time  and 
are  not  related  to  seasonal  weather  condi¬ 
tions.  Resistivity  gages  were  also 
installed  under  the  runway  in  Jackman, 
Maine,  as  part  of  that  pavement  monitoring 
instrumentation  program.  For  these 
programs  the  simpler  wooden  dowel  gauges 
were  used.  These  gauges  gave  curves 
similar  to  the  ones  in  this  report.  The 
AC  resistivity  gauges  described  in  this 
paper  have  been  successfully  interfaced  to 
data  logging  systems;  however,  it  requires 
a  large  number  of  data  channels  for  such 
an  arrangement.  These  gauges  have  also 
been  used  in  conjunction  with  a  computer 
which  calculated  the  frost  depth  directly 
and  stored  this  number. 

CONCLUSIONS,  RECOMMENDATIONS  AND  COMMENTS 

The  initial  evaluation  of  the  frost 
resistivity  gauge  plus  experience  gained 
with  further  use  have  led  to  the  following 
conclusions : 


1.  An  AC  resistivity  gauge  can 
accurately  and  reliably  determine  frost 
penetration. 

2.  The  AC  resistivity  gauge  is 
superior  to  temperature  measurement  gauges 
for  determining  the  presence  of  frost 
under  spring  thawing  conditions. 

3.  The  use  of  temperature  measure¬ 
ment  gauges  to  determine  frost  depths 
under  asphalt  concrete  surfaces  will  lead 
to  erroneous  results  if  salt  is  used  as 
part  of  a  snow  removal  program.  The 
practical  result  of  this  conclusion  is 
that  it  is  highly  likely  that  highways  and 
runways  that  are  treated  with  salt  for 
snow  removal  or  ice  control  will  almost 
certainly  be  thaw  weakened  for  a  major 
portion  of  the  winter  season,  not  just  the 
spring . 

Test  results  and  conclusions  indicate 
that  the  following  recommendations  are 
appropriate  for  future  frost  measurements 
programs : 

1 .  The  use  of  both  temperature  and 
resistivity  gauges  is  definitely  advisable 
since,  in  general,  one  type  complements 
and  increases  the  confidence  level  of  the 
other  in  determining  maximum  frost  depth . 
as  for  example  in  Figure  8. 
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2.  Other  frost  detection  methods 
such  as  frost  tubes  should  not  necessarily 
be  totally  excluded  in  favor  of  resis¬ 
tivity  or  temperature  gauges  in  any  frost 
measurement  program. 

3.  In  some  instances,  such  as  when 
chemicals  are  added  to  the  soil/water 
system,  the  primary  measurement  tool  for 
determining  frost  penetration  and  thawing 
should  be  the  resistivity  gauge. 

4.  Readout  techniques  can  be 
aut  mated  by  several  different  design 


methods.  However,  normally  the  frost  depth 
is  changing  so  slowly  that  a  manual 
measurement  once  a  week  is  sufficient. 

One  exception  to  this  is  if  salt  is  ap¬ 
plied  so  that  rapid  melting  occurs  and 
needs  to  be  monitored. 

5.  The  gauges  described  here  are 
simple  and  inexpensive.  There  i c  little 
need  for  further  investigations  into 
minimum  area  for  a  sensing  surface  or  for 
optimum  spacing  between  these  sensing 
surfaces . 
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THERMOCOUPLE  AND  THERMISTOR  TEMPERATURE 
MEASUREMENT  SYSTEMS 


Rich;ird  Briggs,  CITE  I  Electronics  Technician,  State  of  Alaska  Department  of  Transportation 


ABSTRACT 

The  accurate  measurement  of  subsurface 
temperatures  using  thermocouples  and  thermis¬ 
tors  requires  the  proper  selection  of  sensors.  It 
also  requires  the  use  of  good  practice  in  fabrica¬ 
tion  of  sensors  into  cables,  the  selection  of  suitable 
connectors,  switching  systems,  and  readout 
devices  for  use  under  the  particular  field  condi¬ 
tions  at  the  sites  to  be  monitored.  Electrical  quan¬ 
tities  measured  in  the  field  tire  converted  into  units 
of  temperature  with  tables  or  equations  based  on 
empirical  data. 

Based  strictly  on  cost  and  durability  con¬ 
siderations,  thermocouples  would  be  the  sensor  of 
choice.  I  Iowever,  the  problems  of  obtaining  reli¬ 
able  measurements  of  field  potentials  as  small  as 
one  microvolt,  and  the  problems  of  achieving  a 
stable  reference  voltage  under  varying  field 
temperatures,  often  lead  to  the  use  of  thermistors 
because  of  their  greater  temperature  sensitivity 
and  the  greater  reliability  of  field  measurements. 

Temperature  measurements  may  be  made 
manually  during  site  visits,  recorded  on  tape  or 
microchips  by  small  battery-powered  data  loggers, 
or  relayed  to  the  office  via  phone  lines  or  packet 
radio.  The  author's  personal  experience  with 
these  systems  and  the  benefits,  precautions,  and 
problems  thereof,  will  be  presented  and  discussed 
in  this  paper. 


INTRODUCTION 

With  an  average  annual  air  temperature  of 
-3.5 °C  and  extremes  that  range  over  90°C,  the 
thermal  regime  of  roadbeds  and  pavements  in 
Interior  Alaska  is  of  critical  importance  in  deter¬ 
mining  their  structural  response.  Many  years  of 
experience  in  making  field  measurements  using 
manual  and  automated  methods  have  narrowed 
the  selection  of  temperature  transducers  to  ther¬ 
mocouples  and  thermistors  (See  the  paper  by 
D.  Esch,  also  presented  at  this  symposium).  Ac¬ 
curate  and  repeatable  measurements  are  neces¬ 
sary  as  only  a  fraction  of  a  degree  C  can  make  a 
significant  difference  in  interpreting  how  the  road¬ 
way  may  be  responding  to  stresses. 

This  paper  will  focus  on  techniques  found 
to  minimize  errors  that  occur  in  field  data  collec¬ 
tion  and  reduction.  Although  a  ’how-to’  treatment 
is  beyond  the  scope  of  this  forum,  it  is  hoped  that 
engineers  and  technicians  will  find  this  informa¬ 
tion  useful  in  implementing  thermal  data  acquisi¬ 
tion  systems. 

THERMOCOUPLES 

Fabrication 

Type  T  with  special  limits  of  error  is  the 
wire  of  choice  for  State  of  Alaska  Department  of 
Transportation  and  Public  Facilities 
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(ADOT&PF)  Statewide  Research.  Smaller  wire 
gauges  such  as  22-24  AWG  are  used  in  vertical  and 
horizontal  strings  to  minimize  heat  flow  along  con¬ 
ductors  which  can  upset  the  thermal  equilibrium 
of  the  soil  being  measured.  Wire  and  jacket  in 
sulation  must  be  moisture-proof,  abrasion  resis¬ 
tant,  and  have  a  low  coefficient  of  friction.  Nylon 
would  be  the  best  choice  here  and  fabric  the  worst. 

Always  use  wire  from  the  same  spool  or  lot. 
Cut  the  wire  to  length  and  tape  it  to  the  floor  one 
wire  at  a  time.  At  least  two  wire  markers  should 
be  placed  on  each  end  to  ensure  that  no  mix-ups 
can  occur  while  the  wires  are  bundled  into  strings. 
Junctions  are  now  soldered  or  crimped  in  place, 
coated  with  Scotchkote  and  protected  with 
heat-shrink  tubing.  Wrap  the  string  with  tape  or 
spirally  cut  polyethylene  tubing  for  mechanical 
protection.  The  string  is  now  ready  for  installation 
in  a  trench  or  hole. 

Manual  readings  of  temperature  require 
selection  of  a  low  thermal  double  pole  switch. 
Thermocouple  switches  utilize  selected  alloys  to 
minimize  thermal  electromotive  force  (EMF). 
They  are  also  somewhat  massive  to  equalize  the 
temperature  across  the  switch  body.  The  switch 


and  a  type  T  panel  jack  must  be  installed  on  a  panel 
and  housed  in  a  rainproof  enclosure.  Currently, 
ADOT&PF  is  using  BD-5  telephone  housekeep¬ 
ing  closures;  however,  any  tvpe  of  rainproof  box 
will  do,  provided  it  is  large  enough  to  allow  good 
wiring  practice  and  avoid  a  ’rat’s  nest’. 

Measurements 

Manual  thermocouple  measurements  re¬ 
quire  an  ice  bath  for  highest  accuracy.  Two  ther¬ 
mocouples  are  connected  in  a  series-bucking 
configuration  so  that  the  constantan  wires  are 
joined  together,  leaving  the  copper  wires  to  be 
connected  to  the  meter  inputs  (See  Fig.  1).  The 
thermoelectric  voltage  produced  is  proportional 
to  the  difference  in  temperature  between  the  two 
junctions.  Since  the  ice  bath  is  at  0°C,  a  positive 
voltage  would  indicate  an  above  freezing  tempera¬ 
ture  and  a  negative  reading  below  freezing. 

The  ice  bath  can  be  constructed  from  a 
Dewar  flask  or  vacuum  bottle.  If  a  stainless  steel 
vacuum  bottle  is  selected,  then  the  reference  junc¬ 
tion  must  be  insulated  electrically  from  the  ice  and 
water  mixture  to  avoid  ground  loops  and  resulting 


Fig.  1.  Circuit  design  for  reading  of  thermocouples. 


electrical  noise.  A  test  tube  filled  with  kerosene 
or  silicone  oil  works  well  and  enhances  the  ther¬ 
mal  stability  of  the  reference  junction  (See  Fig.  2). 

The  ice  bath  itself  is  preferably  made  with 
distilled,  deionized  water;  although  tap  water  in 
most  locations  will  introduce  errors  less  than 
.01°C.  Shaved  or  pea-sized  ice  is  packed  into  the 
container  until  it  is  full,  then  water  is  added  until 
the  spaces  between  the  ice  are  filled.  Let  the  bath 
stabilize  for  a  quarter  hour  and  then  pack  more  ice 
into  the  flask  to  ensure  that  the  mixture  extends  to 
the  very  bottom. 

At  this  point  the  reference  junction  as¬ 
sembly  may  be  inserted  15  cm  or  more  into  the 
slush,  being  careful  not  to  ^reak  the  test  tube.  In 
15  to  20  minutes  the  bath  will  be  ready  to  use. 

Although  thermocouple  thermometers 
with  internal  references  designed  to  eliminate  the 
ice  bath  have  been  available  for  several  years, 
ADOT&PF  Statewide  Research  has  found  their 
accuracy  to  be  inadequate  under  field  conditions. 
The  meter  in  use  at  this  time  is  a  Hewlett-Packard 
3468  It  is  a  battery  powered,  5  1/2  digit  DMM 
with  one  microvolt  resolution,  outstanding 
stability  and  accuracy,  and  the  ability  to  be  remote¬ 
ly  programmed.  Other  instrument  manufacturers 
produce  similar  equipment.  Two  design  features 
of  the  HP-3468A  that  may  not  be  readily  apparent 
are  the  thermal  gradient-minimized  circuit  board 


design  and  the  auto-zero  feature  which  causes  the 
meter  to  make  two  measurements  for  every  read¬ 
ing  compensating  for  thermal  EMFs  generated 
within  the  meter. 

Twenty  minutes  before  readings  are  to  be 
taken,  the  meter  is  plugged  into  the  ice  bath  and 
an  HP-41  calculator,  slipped  into  an  insulated  bag, 
and  turned  on.  The  HP-4 1  acts  as  a  remote  display 
for  the  meter  and  may  even  be  used  to  convert  the 
thermocouple  voltage  into  °C,  reducing  the  chan¬ 
ces  of  an  unskilled  operator  selecting  the  wrong 
function  on  the  meter  or  misinterpreting  the  dis¬ 
play.  The  following  is  a  sample  program  listing: 


HP-41  Program  1. 


01 

LBL"TC" 

02 

REMOTE 

03 

"FIRIZI" 

04 

OUTA 

05 

IND 

06 

1  E6 

07 

★ 

08 

END 

This  program  places  the  meter  in  remote 
control  mode,  brings  the  most  recent  voltage  read¬ 
ing  into  the  HP-41’s  X  register,  and  displays  the 
result  in  microvolts.  Another  program  may  inter¬ 
act  with  the  operator,  store  readings  in  extended 
memory,  or  use  time  alarms  to  log  data. 

After  inserting  the  type  T  panel  plug  into 
the  panel  jack  in  the  field  station,  the  voltmeter 
display  must  be  watched  for  drift  caused  by  a 
thermal  gradient  across  the  connectors.  If  the 
reading  is  stable,  proceed  to  collect  the  data. 
Switched  systems  should  be  checked  a  second  time 
to  confirm  that  less  than  2  microvolts  of  drift  have 
occurred  since  the  first  reading  was  taken. 

Raw  data  in  microvolts  may  be  stored  in  a 
hand  held  computer  or  written  down  on  a  form. 
Archiving  the  data  in  microvolts  is  recommended 
as  it  is  much  easier  to  account  for  operator  and 
systematic  errors  at  a  later  date.  An  advantage  of 
computer  aided  testing  is  that  both  the  ther¬ 
moelectric  voltage  and  the  temperature  may  be 
displayed  at  the  same  time,  giving  the  operator 
confidence  and  assisting  with  troubleshooting  if 
necessary. 
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Voltage  to  Temperature  Conversion 

NBS  Monograph  125  contains  computer 
generated  tables  and  equations  for  converting  a 
thermoelectric  voltage  into  temperature  over  the 
temperature  range  of  a  type  T  thermocouple,  -270 
to  400°C.  Higher  accuracies  may  be  obtained  by 
using  the  raw  voltages  given  in  Table  8.3.2  of  the 
monograph  over  the  temperature  range  of  interest 
in  a  third  degree  polynomial  curve  fit  program. 
The  power  series  polynomial  is  of  the  form, 

T  =  ao  +  aiE  +  a2E2  +  a3E3  (1) 

where  T  is  the  temperature  in  degrees  C,  E  is  the 
voltage  in  microvolts  and  ao,  at,  a2  and  a3  are  the 
constants  derived  from  the  curve  fit. 

Table  1  shows  the  coefficients  calculated 
by  an  HP-85  computer  to  cover  -50  to  50°C. 


Table  1. 


BELOW  ZERO 

ABOVE  ZERO 

ao 

-3.15971796E-4 

-2.80607794E-3 

ai 

2.58090450E-2 

2.58446730E-2 

a2 

-7.47693928E-7 

-6.52482306E-7 

a3 

9.73827161E-11 

1.24873605E-11 

It  is  important  to  note  that  this  fit  degrades 
rapidly  outside  of  the  -50  to  50°  range;  however 
within  these  limits  the  curve  agrees  with  the  NBS 
data  to  better  than  .01°C. 

Since  eq(l)  runs  slowly  in  a  computer,  the 
nested  form  will  save  execution  time: 

T  =  ao  +  E(  ai  +  E(  a2  +  a3E))  (2) 

HP-41  program  2  may  be  merged  with 
program  1  or  used  on  its  own  to  calculate  tempera¬ 
ture  from  a  microvolt  value  stored  in  the  X 
register.  The  display  will  show  both  microvolts 
and  °C. 


HP-41  Program  2. 


08 

LBL  "CONV" 

29 

1 

* 

09 

STO  00 

30 

-6 . 52482E-7 

10 

o 

II 

X 

31 

+ 

11 

GTO  02 

32 

RCL  00 

12 

X>0? 

33 

* 

13 

GTO  01 

34 

2 . 58447E-2 

14 

9 . 73827E-11 

35 

+ 

15 

* 

36 

RCL  00 

16 

-7 . 47694E-7 

37 

* 

17 

+ 

38 

-2 . 80608E-3 

18 

RCL  00 

39 

+ 

19 

★ 

40 

LBL  02 

20 

2.5809E-2 

41 

CLA 

21 

+ 

42 

FIX  0 

22 

RCL  00 

43 

ARCL  00 

23 

★ 

44 

it  ^-=" 

24 

-3 . 15972E-3 

45 

FIX  2 

25 

+ 

46 

ARCL  X 

26 

GTO  02 

47 

"  1-  C" 

27 

LBL  01 

48 

AVIEW 

28 

1.24874E-11 

49 

END 

THERMISTORS 

Fabrication 

Although  thermistors  are  easier  to 
measure  than  thermocouples,  they  are  sensitive  to 
moisture,  thermal  cycling,  and  aging.  Glass  bead 
encapsulated  thermistors  in  the  2252  to  10,000 
ohm  range  (@25  °C)  with  .1°C  interchangeability 
are  used  by  ADOT&PF  Research.  They  have 
shown  better  stability  with  time  than  the  epoxy 
encapsulated  bead  type. 

The  following  method  of  fabrication  has 
been  used  for  five  years  and  has  shown  good 
results,  but  only  the  passage  of  time  will  tell  how 
effective  it  is  over  longer  periods. 

Wire  for  thermistors  that  will  be  buried 
should  be  rated  for  this  application.  A  high  density 
polyethylene  jacket  is  considered  sufficient 
mechanical  protection.  Insulation  for  the  inner 
conductors  may  be  polyethylene  or  polypropylene. 
Polyvinyl  chloride  (PVC)  should  be  avoided  be¬ 
cause  of  its  high  dielectric  absorption. 


Thermal  and  mechanical  stress  during  the  assemb¬ 
ly  process  may  be  reduced  by  first  soldering  the 
relatively  heavy  cable  to  a  strain  gauge  terminal  or 
small  printed  circuit  board  (See  Fig.  3).  While 
soldering  the  thermistor  use  a  heat  sink  and 
monitor  its  resistance  so  that  the  maximum  work¬ 
ing  temperature  is  not  exceeded.  The  assembly  is 
then  coated  with  a  non-corrosive  silicone  rubber 
such  as  Dow  3 140  RTV,  set  aside  for  24  hours,  and 
given  a  second  coat.  After  curing  is  complete,  a  10 
cm  piece  of  heat-shrink  tubing  (with  glue)  is  in¬ 
stalled,  again  paying  close  attention  to  the  thermis¬ 
tor  temperature  rise  with  an  ohmmeter.  Several 
coats  of  Scotchkote  complete  the  encapsula¬ 
tion. 

Measurements 

Thermistors,  as  thermally  sensitive  resis¬ 
tors,  can  be  read  with  an  ohmmeter.  Ordinary 
switches  and  connectors  are  used  for  manual 
measurements  and  thermal  EMFs  will  have  a  min¬ 
imal  effect  on  the  meter.  It  is  important  to  note 
that  any  current  applied  to  the  thermistoi  will 
cause  it  to  dissipate  some  heat.  The  amount  of 
power  required  for  a  1°C  rise  in  the  thermistor  is 
called  the  dissipation  constant  and  is  dimensioned 
in  milliwatts  per  °C.  Two  constants  are  usually 
provided  by  the  manufacturer;  one  with  the  ther¬ 
mistor  in  air  and  the  other  in  well-stirred  oil.  It 
can  be  shown  through  Ohm’s  Law  that  a  2252  ohm 
thermistor  at  0°C  (7355  ohms)  will  have  less  than 
a  .0002°C  rise  with  10  microamps  applied  and  a  4 


mW/°C  dissipation  instant.  This  error  source, 
although  insignificant,  will  increase  a  hundredfold 
for  a  tenfold  increase  in  the  applied  current. 
Therefore,  knowledge  of  the  amount  of  current 
that  an  ohmmeter  or  signal  conditioning  device 
puts  through  the  thermistor  is  necessary. 

Resistance  readings  that  take  more  than  a 
few  seconds  Lu  sUile  indicate  instability  of  and 
possible  damage  to  the  thermistor.  If  the 
ohmmeter  leads  are  reversed  and  the  display 
shows  a  change  of  more  than  5  ohms,  the  thermis¬ 
tor  circuit  is  polarized  and  must  be  considered 
inoperative  or  out  of  calibration.  The  author 
believes  that  these  symptoms  are  associated  with 
improper  encapsulation  and  the  resulting  migra¬ 
tion  of  moisture  into  the  thermistor  body,  al¬ 
though  no  questionable  thermistor  strings  have 
been  recovered  and  their  moisture  content  ascer¬ 
tained.  Tnis  opinion  is  based  on  knowledge  of  the 
encapsulation  method  used  and  the  probable 
water  content  of  the  soil  in  which  unstable  ther¬ 
mistors  have  been  found. 

ADOT&PF  uses  the  same  meter  for  read¬ 
ing  thermistors  and  thermocouples.  Since  most 
field  sites  are  instrumented  with  both  devices,  the 
meter  is  switched  between  the  volts  and  ohms 
functions  with  a  user-defined  key  on  the  HP-41. 
Resistance  readings  are  made  with  one  ohm 
resolution  at  10  microamps.  Under  program  con¬ 
trol  the  current  is  toggled  on  and  off  in  a  1 : 10  duty 
cycle  to  minimize  self-heating.  Successive  read¬ 
ings  are  compared  so  that  the  HP-41  can  notify  the 
operator  when  stability  is  reached. 

Resistance  to  Temperature  Conversion 

Tables  provided  by  the  thermistor 
manufacturer  may  be  used  to  convert  field  resis¬ 
tance  data  into  temperature.  As  this  requires 
linear  interpolation  to  acquire  fractional  degrees, 
an  equation  that  describes  the  characteristic  curve 
of  the  thermistor  can  be  solved  by  a  computer  for 
greater  precision. 

Negative  coefficient  thermistors  used  by 
ADOT&PF  are  best  described  by  the  Steinhart 
and  Hart  equation: 

^  =  a  +  b(  Ln  R  )  +  c(  Ln  R)3  (3) 

where  T  =  temperature  in  degrees  Kelvin, 
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Ln  R  =  the  natural  logarithm  of  the  resistance  in 
chins,  und  the  coefficients  a,  o  and  c  are  derived 
from  measurement.  These  coefficients  may  be 
obtained  from  the  thermistor  supplier  or  found  by 
measuring  the  resij.tance  at  three  temperatures 
and  solving  three  simultaneous  equations.  The 
temperatures  chosen  for  calibration  should  be  at 
least  10  degrees  apart  and  bracket  the  tempera¬ 
ture  of  interest. 


DATA  LOGGERS 

Although  they  are  from  the  same  family  as 
strip  chart  recorders  and  FM  instrumentation  tape 
decks,  data  loggers  distinguish  themselves  by  their 
design  as  interrupt-driven,  microprocessor  run 
devices.  In  other  words,  an  event  such  as  a  timer, 
voltage  level,  or  a  person  pushing  a  button  will  tell 
the  data  logger  to  make  a  measurement.  Depend¬ 
ing  on  its  complexity  (and  cost)  the  instrument 
may  have  non-volatile  memory,  multiple  inputs, 
and  the  hardware  and  software  to  support  a  variety 
of  sensors  and  telecommunications  options. 

Data  loggers  used  for  thermocouple  meas¬ 
urements  require  an  isothermal  block  on  the  input 
terminals  for  accurate  performance.  The  isother¬ 
mal  block  is  combined  with  a  thermistor,  RTD  or 
solid-state  temperature  sensor  to  replace  the  ice 
bath  reference.  A  possible  source  of  error  in  such 
a  system  would  be  the  temperature  gradient  be¬ 
tween  the  input  terminal  and  sensor,  which  is  dif- 
ficult  to  quantify.  ADOT&PF  Research 
evaluated  several  isothermal  block  thermocouple 
systems  and  has  found  them  inaccurate  at  the  ex¬ 
treme  low  temperatures  encountered  during  Alas¬ 
kan  winters.  Even  low  power  CMOS  circuitry  can 
produce  enough  heat  to  make  a  substantial 
gradient  at  -50°C. 

A  precision  voltage  or  current  source  is 
required  for  most  data  loggers  which  are  used  with 
thermistors.  If  a  voltage  source  is  used,  then  a  low 
temperature  coefficient  resistor  which  is  equal  to 
the  thermistor  resistance  at  mid-temperature  is 
placed  in  series  with  the  thermistor  in  a  half-bridge 
configuration.  The  applied  voltage  is  limited  so 
that  the  power  dissipated  in  the  thermistor  will  not 
cause  an  error-producing  amount  of  self  heating. 
The  voltage  drop  across  the  thermistor  will  be 
proportional  to  its  resistance.  Constant  current 
sources  are  easier  to  deal  with.  The  current  is  set 


to  a  non-self  heating  level  and  the  resulting  voltage 
drop  is  measured  across  the  thermistor.  If  decade 
currents  are  selected,  i.e.,  10  microamps,  resis¬ 
tance  calculation  is  as  simple  as  moving  a  decimal 
point. 

Thermal  data  from  soils  and  pavements 
should  be  scanned  at  two  minute  intervals  to  yield 
minimum,  average,  and  maximum  values,  which 
are  output  to  final  storage  on  an  hourly  basis. 
Temperatures  move  slowly  in  these  structures  and 
more  frequent  scanning  is  unnecessary;  deep  sen¬ 
sors  may  require  no  more  than  daily  readings. 
Data  should  be  stored  in  the  raw  form  to  ease 
troubleshooting  and  avoid  tedious  backcalcula- 
tion  if  systematic  errors  become  known. 

Final  storage  may  be  a  portable  cassette 
drive,  solid  state  storage  module,  printer,  modem 
or  radio  frequency  telemetry  to  a  personal  com¬ 
puter.  The  value  of  a  modem  or  telemetry  link  to 
the  office  cannot  be  overestimated.  ADOT&PF 
installed  a  solar  powered  data  acquisition  system 
in  1985  that  featured  a  line-powered  modem 
which  enables  communication  with  the  data  log¬ 
ger.  By  mid-December,  the  system  battery  was  at 
a  low  state  of  charge.  Thanks  to  the  modem. 
ADOT&PF  was  able  to  assess  the  problem  and 
modify  the  data  logger  program  to  reduce  power 
consumption  without  making  a  600  mile  trip. 

WORK  IN  PROGRESS 

ADOT&PF  has  purchased  and  installed 
five  temperature  probes  manufactured  by  Meas¬ 
urement  Research  Corporation  of  Gig  Harbor, 
WA.  These  probes  use  epoxy  encapsulated  ther¬ 
mistors  spaced  at  intervals  along  their  1.2  meter 
length.  A  hand-held  readout  is  connected  to  the 
probe  through  a  four  wire  cable,  with  the  switching 
circuitry  located  in  the  probe  itself.  As  the  display 
is  configured  to  show  the  thermistor’s  number  and 
temperature,  an  unskilled  person  may  operate  it. 
Temperature  data  will  be  acquired  this  spring  and 
compared  to  Falling  Weight  Deflectometer  data 
in  an  attempt  to  correlate  the  depth  of  thaw  with 
pavement  deflections. 

Since  two  of  the  probes  are  located  in 
remote  areas  away  from  phone  lines,  a  packet 
radio  network  will  be  developed  to  link  the  probes 
to  the  office.  Packet  systems  allow  digital  data  to 
be  transmitted  from  several  stations  on  the  same 
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channel.  Collision  avoidance,  message  passing 
(digipeater),  and  error  recovery  are  part  of  the 
packet  protocol.  Each  station  has  a  unique  ad¬ 
dress  and  may  pass  messages  or  data  on  to  stations 
beyond  the  radio  horizon  of  the  originating  sta¬ 
tion.  This  system  will  enable  ADOT&PF  to  place 
load  restrictions  as  they  are  needed  and  reduce 
their  duration. 
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ABSTRACT 

This  report  describes  a  recently 
patented  method  for  using  commercially 
available  thermistors  to  make  in- situ 
thermal  conductivity  measurements  with 
commonly  available  electronic  equipment 
such  as  digital  voltmeters.  The  emphasis 
is  on  the  use  of  a  single  thermistor  to 
measure  the  thermal  conductivity  of  soils. 
Calibration  techniques  are  explained  and 
examples  provided.  Limits  on  this 
technique  are  discussed,  including 
measurement  range,  material  grain  size, 
the  amount  of  material  needed  for  a  valid 
measurement,  and  temperature  stability. 
Specific  examples  of  the  use  of  this 
technique  are  provided  for  thermal 
conductivity  measurements  of  soils, 
building  materials,  and  the  sludges  in  a 
sewage  treatment  plant.  Data  analysis  is 
provided  including  a  statistical  approach 
to  finding  the  thermal  conductivity  in 
large  volumes  of  material. 

1 .  INTRODUCTION 

The  original  intent  of  the  work 
described  in  this  report  was  to  develop  a 
method  for  measuring  point  thermal  conduc¬ 
tivities1  that  used  inexpensive  sensors 


1  Throughout  this  report  thermal  conduc¬ 
tivity  measurements  are  reported  in  calor¬ 
ies  per  square  centimeter  per  centimeter 
per  second  per  degree  Celsius  (or  cal/cm- 
sec-°C).  To  convert  these  values  to  BTU 
per  square  foot  per  inch  per  hour  per 
degree  Fahrenheit  (BTU/ft2/  in./hr/°F) 
divide  by  3.44  x  10 


that  were  readily  available  from  commer¬ 
cial  sources,  required  no  specialized 
instruments,  would  give  reasonably  accu¬ 
rate  measurements  of  thermal  conductivi¬ 
ties,  could  be  checked  using  readily 
available  "standard  materials,"  and  would 
be  field  operable.2  Specific  restrictions 
on  the  use  of  this  method  for  thermal  con¬ 
ductivity  measurements  are  that  (1)  there 
must  be  sufficient  material  to  ensure  that 
measurements  are  taken  in  a  large  volume 
compared  to  the  volume  of  the  thermistor, 
(2)  the  material  must  have  a  reasonably 
uniform  temperature  distribution  and  be 
relatively  stable  in  temperature  during 
the  measurement  interval  (about  10 
minutes),  and  (3)  the  grain  size  of  the 
material  must  be  small  enough  to  ensure 
that  intimate  thermal  contact  is  main¬ 
tained  over  the  entire  surface  of  the 
thermistor . 

Examples  of  materials  for  which  this 
thermal  conductivity  measurement  technique 
is  appropriate  are  fine-grained  soils, 
building  materials  such  as  polystyrene, 
gel-like  materials  such  as  silicone 
grease,  and  fiberglass  insulations. 

2 .  THEORY 

Assume  that  a  thermistor  is  a  perfect 
sphere  embedded  in  a  material  such  as  is 
shown  in  Figure  1.  When  the  thermistor's 
semiconductor  bead  is  heated  slightly 


2  This  measurement  technique  was  awarded  a 
U.S.  Patent  (Patent  4,522,512)  on  11  June 
1985. 
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Figure  1. 


(electrically)  the  steady-state  heat  flow 
equation3  into  the  glass  envelope  is 

T  -  T 

Q-KtyS7^  57- s;  (i) 

where 

Q  -  thermal  energy  being  generated 
in  the  semiconductor  bead 

Kt  -  thermal  conductivity  of  the 

glass  envelope  of  the  thermistor 

A0  -  surface  area  of  the  semiconduc¬ 
tor  sphere 

Aj  -  surface  area  of  the  glass  sphere 

Tj  **  surface  temperature  of  the  glass 
sphere 

T0  -  surface  temperature  of  the  semi¬ 
conductor  bead 

R0  -  radius  of  the  semiconductor  bead 
(sphere) 

Rt  -  radius  of  the  glass  bead 
(sphere) 

Since  the  surface  area  of  a  sphere  is 
4wR2 ,  eq  1  can  be  written  as 

R  R 

Q  -  Kt  4*  (T0 -T j )  -'_°-Ro  .  (2) 

If  the  sphere  of  test  material  is  assumed 
to  completely  surround  the  glass  sphere  of 
the  thermistor,  then  at  steady  state  the 


3  See  any  standard  heat  transfer  textbook 
(e.g.  Kreith,  1961), 


thermal  energy  flowing  into  the  glass  bead 
can  be  assumed  to  flow  on  into  the  materi¬ 
al,  so  that 

R  R 

Q  -  Km  -  T2>  (3) 


where 


K  -  thermal  conductivity  of  the 
m  .  _ 

material 

T2  -  temperature  of  the  surface  of 
the  sphere  of  material 
R2  -  radius  of  the  sphere  of  materi¬ 
al  . 


Solving  eq  3  for  the  thermal  conductivity 

of  the  material,  K  : 

m 


K 

m 


- s -  f  i_ 

4*  (T,  -  Ta)  l  R, 


If  the  volume  of  material  is  so  large  that 
the  radius  R2  can  be  assumed  to  be 
infinite  with  respect  to  R0  and  Rs : 


K 


m 


_ a _ 

4?rR1  (T,  -  T2) 


(*> 


This  equation  can  be  used  to  find  the 
thermal  conductivity  of  the  material  pro¬ 
vided  a  means  can  be  found  to  find  a  value 
for  Tj  (the  surface  temperature  of  the 
glass  envelope).  This  means  is  provided 
by  eq  2,  which,  when  solved  for  T4 ,  gives: 

Q  (R,  R0> 

Tl  “  T°  '  Kt  ^  R0  Ri 
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When  the  thermistor  is  heated,  the  value 
of  Q  can  be  found  by: 


Q 


0.2389 


I2 


Sot 


where 


I 


Si 


ot 


Q 


current  in  the  thermistor 
=  resistance  of  the  thermistor  when 
it  is  heated 

-  heat  flow  in  calories  per  second. 


used  to  heat  the  thermistor.  Since  both 
the  current  and  the  voltage  of  the  heated 
thermistor  are  known,  its  resistance  is 
known  (by  Ohm's  law)  and,  therefore,  the 
temperature,  T0 ,  of  the  semiconductor 
bead.  Q  is  the  heater  current  times  the 
voltage  across  the  thermistor  times 
0.2389: 

Q  -  0.2389  1-V 


In  theory,  then,  a  thermistor  can  be 
used  to  measure  the  thermal  conductivity 
of  a  bulk  material  by  using  the  following 
three  equations: 

Q  -  0.2389  I2  Rhot 


or,  by  Ohm' s  law, 

Q  -  0.2389  I2  R  . 

The  complete  technique  for  using  a 
thermistor  to  measure  bulk  thermal  conduc¬ 
tivity  is  therefore  as  follows. 


Q  (R,  -  R0) 

T  =  T  -  - 

1  0  Kt  4*  R0Rj 

V  .  _ 0 _ 

m  AnR !  (T,  -  T2)  ' 

For  any  given  thermistor  and  materi¬ 
al,  the  values  of  R0 ,  Rt  and  K  will  all 
be  constants.  Therefore,  the  second  equa¬ 
tion  can  be  written  as 

Ri  -  R0 

T>  “  To  '  Wh6re  A  =  9,  Kt  R0Rj  • 


I.  Calibrate: 

1.  Measure  Q,  T0  and  T2  for  the 
thermistor  in  each  of  two  materials  whose 
thermal  conductivity  is  known. 

2.  Use  these  values  to  solve  for  A 
and  B  in  the  equation: 

KmUTo  -  T2)  -  AQ]  =  BQ  (6) 

(using  standard  two  equation- two  unknowns 
techniques) . 

II.  Measure: 


This  equation  can  then  be  substituted  in 
the  third  equation  so  that 


K 

m 


To 


_BQ _ 

-  AQ  -  T2 


where 


B 


_1 _ 

47rRj 


or 


K  [ (T0  -  T2)  -  AQ]  -  BQ  .  (5) 

m 

This  equation  can  be  used  to  calibrate  a 
thermistor  that  can  then  be  used  to 
measure  the  thermal  conductivity  of  a 
material.  All  that  is  needed  is  to  solve 
for  A  and  B  by  using  two  materials  whose 
thermal  conductivities  are  known  and 
measuring  the  Q,  T0  and  T2  associated  with 
those  materials. 

T2  is  the  "unheated"  temperature  of 
the  material  and  is  found  by  measuring  the 
temperature  of  the  material  before  heating 
the  thermistor,  using  standard  thermistor- 
temperature  measurement  techniques.  T0  is 
found  by  measuring  the  heater  current  to 
the  thermistor  and  the  voltage  across  it. 
This  is  simplified  to  just  a  voltage 
measurement  if  a  known  constant  current  is 


1.  With  A  and  B  known,  place  the 
thermistor  in  an  unknown  material  and 
measure  Q,  T0 ,  and  T2 . 

2.  Calculate  the  thermal  conductiv¬ 
ity  using: 

v  _  - ^2 -  r  -j  \ 

m  (T0  -  T2)  -  AQ  • 

All  measurements  must  be  taken  during  a 
thermally  steady-state  condition.  This 
condition  is  determined  by  monitoring  the 
voltage  across  the  thermistor.  When  the 
voltage  is  steady,  the  thermal  conditions 
are  in  steady  state. 

This  technique  measures  thermal  con¬ 
ductivity  at  a  single  point.  To  obtain  an 
average  value  for  the  thermal  conductivity 
of  a  nonhomogeneous  material,  statis¬ 
tically  valid  sampling  techniques  must  be 
used . 

3.  MEASUREMENT  PROCEDURES 

The  thermistors  used  in  the  measure¬ 
ments  described  in  this  report  were  Fenwal 
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A  number  of  different  circuit  con¬ 
figurations  are  possible  (Fig.  3).  No 
matter  which  circuit  is  used,  they  all  do 
the  same  thing;  namely,  provide  a  small 
current  to  read  the  lower  ("cold")  tem¬ 
perature  and  then  a  larger  current  to  heat 
Figure  2.  the  thermistor  and  at  the  same  time  read 

the  higher  ("hot")  temperature.  Typical 

GB32P101-T.  Earlier  tests  used  similar  lower  temperature  currents  are  30  to  70 

glass  bead  thermistors  manufactured  by  and  typical  higher  temperature  currents 

Victory  Engineering  Corporation.  Any  are  2  to  5  mA. 

glass  bead  thermistor  is  suitable,  includ-  For  the  lower  temperature  reading  it 

ing  double  bead  thermistors  that  match  a  is  necessary  to  know  the  current  in  the 
known  curve.  When  selecting  a  thermistor,  thermistor  and  the  voltage  across  the 

some  care  must  be  taken  to  ensure  the  thermistor  so  that  the  thermistor  re- 

glass  diameter  is  large  compared  to  the  sistance  can  be  determined.  The  lower 

grain  size  of  the  material  being  tested  temperature  is  then  found  using  standard 

(i.e.  that  there  is  good  thermal  coupling  thermistor-temperature  measuring  tech- 
between  the  thermistor  and  the  material).  niques  (discussed  briefly  in  the  following 
To  make  it  easier  to  insert  the  thermistor  section) . 

into  a  test  material,  a  piece  of  dual-wall  At  the  higher  temperature,  the  energy 

heat-shrink  tubing  can  be  shrunk  onto  the  being  applied  is  calculated,  as  well  as 
thermistor's  glass  bead  extension  to  form  the  temperature  itself.  Since  the  current 
a  convenient  probe  (Fig.  2) .  in  the  thermistor  and  the  voltage  across 


Known 

adjustable 

constant 

current 

source 


1000  ohms  Oigital  multimeter  connected  as  an  ammeter 


Variable 
voltage 
source 
0  to  24  V 


battery 


Thermistor 


Thermistor 


Figure  3. 
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ic  are  known,  Q  =  0.2389  I»V  is  the  energy  the  two  equations  -  two  unknowns  method, 
flow  in  calories  per  second.  Typical  calibration  materials  are: 


3 . 1  Typical  Measurement 

The  step-by-step  procedure  for  a 
typical  measurement  is  as  follows: 

1.  Insert  the  thermistor  in  the  test 
material  and  connect  the  electrical  cir¬ 
cuit  . 

2.  Apply  a  small,  lower- temperature 

current,  for  instance,  90  . 

3.  Observe  the  voltage  across  the 
thermistor;  when  it  becomes  steady  (a 
change  of  only  1  or  2  mV/min) ,  record  the 
voltage  and  the  current.  These  two  values 
are  then  used  to  calculate  the  thermis¬ 
tor's  resistance  and,  hence,  the  lower 
temperature . 

9.  Apply  a  heater  current,  typically 
3  mA.  Note  the  time  when  this  current  is 
applied . 

5.  Observe  the  voltage  across  the 
thermistor;  when  it  becomes  steady,  record 
the  current  and  voltage.  Typically,  at 
room  temperature,  it  takes  from  5  to  10 
minutes  for  the  temperature  to  stabilize. 
The  time  interval  over  which  the  heater 
current  was  applied  should  also  be  record¬ 
ed  . 

6.  Calculate  the  higher  temperature 
and  the  thermal  energy,  Q,  being  dissipat¬ 
ed  in  the  sample. 

7.  Reapply  the  lower- temperature 
current  and  wait  the  same  time  interval 
over  which  the  heater  current  was 
applied.4  Record  the  current  and  voltage 
and  calculate  the  lower  temperature  again. 

8.  Average  the  two  lower  tempera¬ 
tures  . 


Water:  K  =  1.93  x  10  cal/cm- sec  -  “C 
m 

Silicone  oil:  K  =  0.30x10  3  cal/cm- sec - °C 
m 


3 . 2  Example:  Test  Material:  Dry  Fair¬ 
banks  Silt 


T  ime  _ I _ 

0895  30  ^A 

0850  3  mA 

0855  30  M 

First  lower  temperature: 

0.06982 


V 


0.06982  V 
5.259  V 
0.06966  V 


R 


„  -  6 


2327.3  ohms 


30  x  10' 
lower  temperature:  21.19°C. 


Higher  temperature: 

5.259 


R 


,  -  3 


1751.3  ohms 


3  x  10' 

higher  temperature  =  28.51°C. 


2nd  lower  temperature: 
0.06966 


R 


,  -  3 


2322 .0  ohms 


3  x  10' 

lower  temperature  =  21.25'C. 


Average  lower  temperature: 

21.19  +  21.25 

2 

•3 


21  .  22  "C 


Q  =  0.2389x3x10'  x5. 259  =  3.7655  mcal/sec 


9.  Calculate  the  thermal  conductiv¬ 
ity  of  the  test  material  using: 

k  -  -7 - a_a  - 

"  ~  (Th«  •  hold)  ■  AQ 

The  calibration  process  is  exactly 
the  same  as  above  except  that  K  is  known 
for  the  two  calibration  materiaTs  and  the 
values  of  A  and  B  are  calculated  using 


4  The  assumption  here  is  that  the  sample 
is  changing  temperature  slowly  and  that 
the  "hot"  reading  should  be  taken  equi¬ 
distant  in  time  between  the  two  "cold" 
readings  to  account  for  this  temperature 
change . 


From  eq  7  with  A=  797.35  73;  B-0. 36003 

K  „  _ 0.36003  x  3,7655  x  10~3 

m  ((28.51-21  .22) -  79’. 35  73x3. 7655x10' 3 

=  0.315  x  10  cal/cm - sec - °C 
or 

-  3 

K  10 ,  -  0.916  BTU/f  t  2/in  .  /hr/'F. 

3.99  x  10 

If  this  had  been  a  calibration  process, 
the  procedure  would  have  been  exactly  the 
same  except  the  value  of  K  would  have 
been  known  (for  instance,  using  distilled 
water).  By  using  two  "standard"  materials 
whose  K^'s  are  known,  the  values  for  A  and 


I  !2 


B  for  a  particular  thermistor  could  then 
be  calculated. 


3 . 3  Thermistor  thermometry 

There  are  several  methods  of  convert¬ 
ing  a  thermistor's  resistance  to  tempera¬ 
ture.  The  method  used  for  this  report  was 
to  purchase  thermistors  calibrated  at 
three  temperature  points:  -38°C,  0.01°C 
and  +40°C.  These  three  known  points  were 
then  used  to  generate  resistance  -  tempera¬ 
ture  tables  in  0.1°C  increments  from  -40°C 
to  +40°C  using  the  Steinhart  equation; 

~T —  -  C,  +  C2  In  R  +  C3  (In  R)3 
abs 


3.4.1  Fairbanks  silt 


The  calibrations  for  the  tests  on 
Fairbanks  silt  are  illustrated  in  Table  1. 
All  tests  were  run  with  a  low- temperature 
current  of  30  nk  aid  a  high- temperature 
current  of  3  mA.  The  calibration  con¬ 
stants  for  the  thermistor  were  obtained  by 
calculating  an  A  and  B  for  each  possible 
combination  of  raw  calibration  data  and 
then  averaging  these  values: 


A 

785 . 2716 
785.4557 
785.9818 
786.1658 


B 

0.38443 

0.38417 

0.38422 

0.38395 


where  T  is  the  absolute  temperature  in 
kelvins  (K) ,  R  is  the  resistance  (in  ohms) 
of  the  thermistor,  and  Cj ,  C2  and  C3  are 
constants  which  may  be  determined  by  using 
the  three  calibration  points  supplied  with 
each  thermistor.  For  the  resistance  tem¬ 
perature  tables,  K  is  usually  converted  to 
°C  by  subtracting  273.15. 

Once  the  values  for  Cj ,  C2  and  C3 


A  -  785.7187  B  -  0.38419 

_ 0.38419 _ 

[ T (hot)  -  T (cold) ]  -  785.7187  Q 


3.4.2  Test  Data 


Measurements  were  taken  at  three  soil 


have  been  found,  it  is  often  convenient  to 

moisture 

content;  3%, 

17%  and 

26%.  Four 

program  a  small  hand-held  calculator  to 

measurements  were  taken  for  each  soil 

solve  the  Steinhart  equation  so  that 

moisture 

content.  The  results 

are  illus 

resistance  values  can  be  converted  to  tem¬ 

trated  in  Table  2 . 

perature  without  bothering  to  look  them  up 

in  a  table. 

Table 

2.  Results 

of  the  tests  on 

Fairbanks  silt. 

3.4  Typical  results 

•5 

To  demonstrate  the  use  of  this  tech¬ 

0  x  10' 

'  T (hot ) 

T  ( cold) 

K  x  10 
m 

nique,  two  measurement  programs  were  con¬ 

3%  Moisture  Content 

ducted,  one  on  Fairbanks  silt  and  one  on 

3.7598 

30.28 

22.87 

0.325 

typical  building  insulation.  Typical  data 

3 . 7734 

30.18 

22.95 

0.340 

for  these  two  test  programs  are  shown 

3.7670 

30.23 

23.09 

0.346 

below . 

3.7670 

30.23 

23.15 

0.351 

Average  - 

0.340 

Standard  Deviation  - 

0.011 

Table  1.  Calibration  data  for  one  of 

the  three  thermistors. 

17%  Moisture  Content 

.  -3 

4.3862 

26.23 

21.63 

1.448 

Standard  0  x  10  Tfhotl’C  Tfcoldl'C 

3.3812 

26.27 

21.65 

1.430 

water  4.2880  26.82  22.30 

4.3697 

26.33 

21.73 

1.431 

water  4.2952  26.78  22.25 

4.3661 

26.36 

21  .  73 

1.404 

silicone  oil  3.6967  30.72  23.08 

Average 

-  1.428 

silicone  oil  3.6931  30.75  23.12 

Standard  Deviation  - 

0.018 

For  water: 

27%  Moisture  Content 

_  3 

4.4184 

26.05 

21.70 

1  .  929 

K  -  1.43  x  10  cal/cra- sec - *C  at  23°C 

4.4012 

26.15 

21.86 

2.037 

ra 

4.3991 

26  16 

21.86 

2.002 

For  silicone: 

4.3798 

26.27 

21.98 

1,964 

-3  - 

Average 

-  1.983 

K  -  0,3  x  10  cal/cra- sec  -  C  at  23°C 

a 

Standard 

Deviation  1 

-  0.047 
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Fi gure  4  . 


Each  data  set  was  examined  statistically 
to  ensure  that  every  specific  measurement 
should  be  included  in  the  results  as  a 
valid  number.  The  technique  used  was  the 
"outlier  detection"  method  described  by 
Abernathy  and  Thompson  (1973). 

These  results  are  in  agreement  with 
those  of  other  researchers  (Fig.  4)  who 
have  measured  the  thermal  conductivity  of 
Fairbanks  silts  at  various  soil  moisture 
contents  (Farouki,  1931). 


3.4.3  Insulation  Material 

These  tests  were  not  conducted  by  the 
author  so  only  the  results  are  reported, 
as  received  by  the  author  (Table  3). 

These  tests  were  conducted  by  measur¬ 
ing  the  thermal  conductivity  at  1/4- in. 
intervals  through  the  2-in.  test  batts  of 
insulation  and  averaging  these  values  for 
a  total  figure  for  the  batt.  At  the  same 
time  a  total  value  for  the  batt  was 


Table  3. 
Depth  ( in . ) 


Results 


of  the  ^ests 

k  , _ BTlbiru 

m  hr  ft"  °  F 


on  2  -  in . 

) 


blue  foam  insulation. 


Sample  4-3 

1/4 

1/2 

3/4 

1 

1  1/4 
1  1/2 
1  3/4 


Sample  4-4 


1/4 

1/2 

3/4 

1 

1  1/4 
1  1/2 
1  3/4 


0.317 

0.320 

0.551 

K 

ave 

n  Ain  BTU-in 
"  0  610  hr  ft*  °  F 

*Siot  box. 

0.622 

0 . 746 

s 

-  0.221 

%  water  by 

volume  -  20  9% 

0.730 

0.885 

0.709 

wt 

-  298.93  g 

%  water  by 

weight  -  752% 

0.329 

0.841 

0.66C 

K  -  0.537 

ave 

BTU-in 

*Siot  box 

0.591 

hr  ftJ  ° F 

0.860 

C.516 

s  -  0.255 

*Siot  box 

0.541 

0.277 

%  water  bv 

volume  -  16.7% 

0.276 

%  water  by 

weight  -  621% 
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obtained  using  the  guarded  hot  box  tech¬ 
nique.  As  can  be  seen,  the  hot  box  read¬ 
ing  and  the  average  value  using  this  ther¬ 
mistor  method  agree  quite  closely.  The 
reason  the  thermistor  readirgs  increase  as 
they  proceed  “hrough  the  sample  is  that 
moisture  was  purposely  introduced  on  one 
side  of  the  sample  for  several  hours  prior 
to  these  measurements  in  order  to  deter¬ 
mine  (1)  how  much  moisture  was  absorbed  by 
the  insulation  batt ,  (2)  to  what  depth  the 
moisture  had  penetrated,  and  (3)  how  much 
the  thermal  insulation  of  the  batt  had 
deteriorated  as  a  result  of  the  moisture 
absorption . 

4.  DISCUSSION  OF  RESULTS 

The  results  reported  here  demonstrate 
the  use  of  a  technique  that  meets  the  re¬ 
quirements  as  stated  in  the  Introduction . 
Two  measurement  programs  were  reported, 
one  where  relatively  high  thermal  conduc¬ 
tivities  were  measured  (soil)  and  one 
where  low  conductivities  were  measured 
(insulation).  In  each  case  the  results 
were  compared  to  typical  values  obtained 
by  other  researchers  using  different 
measurement  techniques.  The  results  are 
in  general  agreement  in  both  cases;  how¬ 
ever,  the  emphasis  here  is  to  describe  the 
measurement  technique.  The  accuracy  com¬ 
parisons  do  not  have  a  great  deal  of  mean¬ 
ing  since  sampling  techniques  were  used. 
The  point  measurement  technique  does  have 
some  unique  characteristics  for  certain 
applications,  such  as  profiling  insula¬ 
tions  that  haye  absorbed  moisture,  or 
monitoring  building  insulations  to  detect 
moisture  penetration. 

The  calibration  materials  used  for 
all  the  measurements  in  this  report  were 
distilled  water  and  silicone  oil.  The 
thermal  conductivity  for  water  at  25°C  was 
obtained  from  a  physics  handbook.  The 
silicone  oil's  conductivity  was  obtained 
from  the  manufacturer's  specification 
sheets.  The  manufacturer  warns  that  the 
data  given  are  average  values.  However,  a 
review  of  thermal  conductivity  tables 
shows  that  nearly  all  machine  oils  have  a 
thermal  conductivity  of  approximately 
0.3  x  10  cal/cm-sec- °C. 

The  use  of  water  and  silicone  oil  as 
calibrating  standards  will  certainly  have 
some  small  error  due  to  convective  cooling 
of  the  thermistor.  This  error  is  dis¬ 


cussed  in  some  detail  in  the  thermal  con¬ 
ductivity  literature.  Generally,  the 
errors  are  dismissed  as  "acceptable"  (less 
than  10%  error)  if  the  temperature  dif¬ 
ference  between  the  sensor  and  the  test 
material  is  small,  i.e.  10°C  or  less.  On 
the  other  hand,  a  temperature  of  5°C  or 
more  is  necessary  to  make  an  accurate 
measurement.  To  stay  within  these  tem¬ 
perature  boundaries,  it  is  necessary  to 
choose  the  heater  current  with  a  little 
discretion.  In  general,  low-conductivity 
materials  will  require  only  2  or  3  mA 
while  high  conductivity  materials  will 
need  4  or  5  mA  to  achieve  an  acceptable 
temperature  difference. 

This  measurement  technique  will 
ultimately  result  in  the  destruction  of 
the  thermistors  since  they  were  not 
designed  to  be  heating  devices.  However, 
if  care  is  taken  to  never  exceed  40°C  when 
heating  the  thermistor,  a  minimum  of  40 
tests  can  be  expected.  With  five  thermis¬ 
tors  available,  the  average  tests  per 
thermistor  were  70,  and  two  were  used  for 
over  100  tests  before  failing.  A  good 
rule-of-thumb  test  to  see  if  a  thermistor 
is  stili.  giving  correct  temperatures  is  to 
place  the  thermistor  in  a  constant-tem- 
perature  environment  (such  as  an  ice  bath) 
and  take  forward  and  reversed  readings. 

If  the  difference  between  the  forward  and 
reverse  readings  is  more  than  4  or  5  ohms, 
the  thermistor  is  likely  unstable  and 
should  be  discarded. 

5.  CONCLUSIONS  AND  RECOMMENDATIONS 

This  method  can  be  used  to  determine 
thermal  conductivities  that  are  reasonably 
close  to,  or  below,  the  values  for  the 
calibration  standards.  However,  for  bulk 
materials  it  is  imperative  that  statis¬ 
tically  valid  sampling  techniques  be  used. 

The  test  results  in  this  report  do 
not  guarantee  accurate  measurements  much 
above  the  thermal  conductivity  of  water 
(1.43  x  10  cal/sec-cm- °C) .  Although  no 
tests  were  conducted,  there  is  a  high 
probability  that  the  useful  measurement 
range  could  be  extended  to  higher  conduc¬ 
tivity  materials  by  using  higher-conduc¬ 
tivity  standards.  Heat  conductive  com¬ 
pounds  could  probably  be  used  as  higher 
conductivity  standards,  although  there 
might  be  some  problems  in  accurately 
determining  their  thermal  conductivity. 
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The  Long-Term  Pavement  Performance 
(LTPP)  project  is  a  major  component  of 
the  Strategic  Highway  Research  Program 
(SHRP) .  This  20-year  effort  is  the  most 
intensive  evaluation  of  pavement 
performance  since  the  American 
Association  of  State  Highway  Officials 
(AASHO)  Road  Test  in  the  early  1960$ . 
Over  700  in-service  general  pavement 
sections  (GPS)  throughout  the  United 
States  and  Canada  hava  been  selected  to 
date  for  the  LTPr  effort.  An  additional 
200-300  specific  pavement  sections  (SPS) 
will  be  constructed  or  modified  to 
evaluate  different  pavement  designs  and 
maintenance  treatments.  Throughout  the 
life  of  the  project,  SHRP  will  collect 
data  for  each  section  on  material 
properties,  environmental  conditions, 
traffic,  maintenance  and  rehabilitation, 
surface  condition,  and  pavement 
response.  Many  of  these  measurements 
will  use  state-of-the-art  techniques. 

Based  upon  the  AASHO  experience, 

SHRP  recognized  that  LTPP  would  produce 
a  tremendous  volume  of  data.  To 
maintain  these  data  in  a  form  readily 
accessible  to  the  research  community, 
SHRP  is  developing  a  sophisticated 
information  management  system  (IMS). 

The  IMS  is  based  upon  the  ORACLE 
relational  data  base  management  system. 
The  data  base  is  distributed  across 
several  hardware  platforms;  a  VAX 
computer  serves  as  the  primary  data 
retrieval  machine.  This  paper  describes 
in  detail  the  structure  and  functions  of 
the  LTPP  IMS. 


INTRODUCTION 

In  any  project,  information 
storage  and  retrieval  is  an  important 
consideration.  The  computer,  of  course, 
offers  exceptional  capabilities  in  these 
areas  and  use  of  the  computer  to  manage 
research  data  is  routine.  Techniques 
for  managing  these  data,  however,  have 
been  steadily  increasing  in 
sophistication.  Ten  years  ago,  most 
data  were  stored  in  flat  files.  Today, 
powerful  data  base  management  systems 
(DBMS)  are  available  on  personal 
computers,  and  the  flat  file  format  is 
not  common.  Data  base  management 
systems  are  without  question 
tremendously  flexible  tools  for  data 
manipulation  and  storage. 

Unfortunately,  as  projects  increase 
in  size  and  scope,  their  data  management 
needs  often  grow  beyond  the  capabilities 
of  a  basic  DBMS.  Large  projects  may 
have  numerous  hardware  platforms, 
complicated  data  structures,  multiple 
data  bases,  many  types  of  data,  and  many 
sources  of  data.  The  relationships 
between  the  data  may  be  complex  and 
dynamic . 

Information  management  systems  are 
designed  to  meet  these  requirements  and 
provide  a  high  degree  of  integration 
among  the  various  types  and  classes  of 
data.  The  IMS  concept  is  more  of  an 
approach  to  data  management  than  a 
specific  type  of  software  or  hardware. 
Information  management  systems  may 
consist  of  numerous  data  bases,  hardware 
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platforms,  and  applications.  The 
important  thing  is  that  the  IMS  provides 
a  seamless,  integrated  view  of  the  data 
from  which  the  user  may  draw  any  desired 
relationships . 

This  paper  discusses  the  Information 
Management  System  (IMS)  now  under 
development  for  the  Strategic  Highway 
Research  Program's  (SHRP)  Long-Term 
Pavement  Performance  (LTPP)  project. 

The  LTPP  objective  is  to  generate  data 
that  will  allow  a  more  comprehensive 
understanding  of  pavement  performance 
under  actual  operating  conditions  on  in- 
service  highways.  Using  these  data, 
researchers  will  be  able  to  improve 
pavement  design'-  •»r.d  ~.a intcuar.cc 
methods.  SHRP  has  designed  a  number  of 
LTPP  experiments  from  which  a  tremendous 
volume  of  data  will  flow.  Under  current 
plans,  however,  analysis  of  pavement 
performance  using  these  data  will  be 
conducted  by  the  research  community. 

The  IMS  will  be  used  to  validate  and 
store  the  data,  and  to  serve  as  a 
conduit  for  its  dissemination. 


BACKGROUND 

In  comparison  to  other  disciplines, 
transportation  research  has  historically 
been  severely  underfunded.  In  the  early 
1980s,  the  emerging  infrastructure 
crisis  prompted  substantial  public  and 
private  mobilization  of  resources  in 
several  areas.  The  Surface 
Transportation  Act  of  1982  doubled 
Federal  fuel  taxes  to  help  pay  for 
increased  highway  maintenance  and 
reconstruction  activities.  Several 
special  studies  of  the  infrastructure 
problem  were  also  initiated.  The  most 
notable  of  these  was  the  Strategic 
Transportation  Research  Study  (STRS) . 
STRS's  mission  was  to  determine  the 
scope  of  research  necessary  to  address 
problems  and  shortcomings  in  materials 
and  techniques  used  in  standard  highway 
practice.  STRS  recommended  a  program  of 
intense  study  in  six  high-priority 
research  areas.  These  areas  were  chosen 
based  upon  the  criteria  that  the 
research  results  be  economically 
significant  and  readily  implementable . 

Overview  of  SHRP 

SHRP  was  founded  to  implement  the 
STRS  recommendations.  The  program  is 


not  comprehensive,  nor  does  it  replace 
on-going  Federal  and  state  highway 
research  efforts.  Rather,  it  focuses 
attention  on  the  identified  high- 
priority  topics.  Funding  for  SHRP  comes 
from  the  Surface  Transportation  and 
Uniform  Relocation  Act  of  1987,  which 
allocates  the  program  one-quarter  of  one 
percent  of  the  state  apportioned  Federal 
highway  aid.  To  achieve  its  goals,  SHRP 
will  spend  $150  million  dollars  over  a 
5-year  period.  This  funding  level 
accounts  for  about  25  percent  of  the 
current  U.S.  highway  research  and 
development  (R&D) . 

Four  technical  research  areas  (TRA) 
the  SHRP  program:  Long-Term 
Pavement  Performance,  Asphalt,  Concrete 
and  Structures,  and  Highway  Operations. 
These  choices  were  made  based  upon  the 
STRS  recommendations.  LTPP  is 
investigating  pavement  design  and 
maintenance  methods.  The  Asphalt  TRA  is 
investigating  the  effect  of  asphaltic 
materials  properties  on  pavement  service 
life.  The  Concrete  and  Structures 
program  has  two  functions:  1)  to  develop 
improved  concrete  materials  and 
construction  methods  and  2)  to  develop 
better  means  for  controlling  corrosion 
in  steel-reinforced  concrete  structures. 
Finally,  the  Highway  Operations  TRA  is 
investigating  improved  ice  and  snow 
control,  as  well  as  materials  and 
equipment  for  highway  maintenance.  The 
IMS  is  a  component  of  LTPP,  although 
other  TRAs  will  provide  some  data  to  the 
system . 

The  LTPP  Program 

The  fundamental  relationships  used 
in  pavement  design  were  developed  nearly 
30  years  ago  at  the  AASHO  Road  Test. 
These  relationships  have  been  criticized 
for  failure  to  account  for  many 
exogenous  factors,  including  soil  types, 
maintenance  and  construction  practices, 
composition  of  materials,  long-term 
loads,  and  climatic  effects.  Such 
issues  can  only  be  addressed  with  a 
controlled,  in-depth,  long-range  field 
experiment  using  highway  segments 
representing  a  wide  variety  of 
conditions . 

LTPP  was  designed  to  rectify  the 
perceived  deficiencies  of  the  Road  Test 
and  to  improve  the  current  state  of 
knowledge.  The  stated  objectives  of  the 
LTPP  program  are  to: 
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1) 


Evaluate  existing  design 
methods ; 

2)  Develop  improved  design  methods 
and  strategies  for  the 
rehabilitation  of  existing 
pavements ; 

3)  Develop  improved  design 
equations  for  new  and 
reconstructed  pavements; 

4)  Determine  the  effects  on 

pavement  distress  and 
performance  of  loading, 
environment,  material 
properties  and  variability, 
construction  quality,  and 
maintenance  levels; 

5)  Determine  the  effects  of 

specific  design  futures  on 
pavement  performance;  and 

6)  Establish  a  national  long-term 

pavement  data  base  to  support 
the  above  objectives  and  future 
research  needs. 

To  accomplish  these  objectives,  SHRP  has 
designed  two  sets  of  pavement  studies: 
general  pavement  studies  (GPS)  and 
specific  special  studies  (SPS) .  These 
studies  will  collect  data  on  in-service 
pavement  sections  throughout  the  country 
for  a  20-year  period.  Sections  for  both 
studies  are  151.5  meters  (500  feet)  long 
by  one  lane  in  width. 

General  Pavement  Studies.  The  GPS 
sections,  of  which  there  are  currently 
about  800  scattered  throughout  the  50 
states,  Puerto  Rico,  and  the  Canadian 
provinces,  are  the  main  focus  of  the 
LTPP  program.  These  are  existing  in- 
service  segments  which  will  be  monitored 
in  detail  throughout  the  life  of  the 
project.  During  GPS,  eight  specific 
types  of  pavements  will  be  studied: 

1)  Asphalt  Cement  (AC)  on  granular 
base ; 

2)  AC  on  bound  base; 

3)  Jointed  plain  portland  cement 
concrete  (PCC) ; 

4)  Jointed  reinforced  PCC; 

4)  Continuously  reinforced  PCC; 

5)  AC  overlay  of  AC; 

6)  AC  overlay  of  PCC;  and 

7)  Unbonded  PCC  overlay  of  PCC. 

For  each  of  these  studies,  the  factorial 
matrix  contains  a  number  of  variables 
considered  to  exert  an  influence  on 
pavement  condition.  Factors  selected 
vary  depending  upon  the  study  type.  For 
experiment  7  above,  for  example,  the 
factors  examined  are  moisture, 


temperature,  subgrade  type,  traffic 
rate,  existing  pavement  type,  overlay 
stiffness,  and  overlay  thickness.  Each 
of  these  factors  are,  of  course,  divided 
into  ranges  for  classification  purposes. 

Candidate  GPS  sections  are 
nominated  by  state  highway  authorities. 
LTPP  selects  sections  for  use  in  the 
project  based  upon  an  exhaustive  set  of 
criteria  and  the  results  of  field 
validation.  Selection  of  sections  is, 
to  a  degree,  continuing;  LTPP  would  like 
to  have  at  least  1,000. 

Specific  Pavement  Studies.  The  SPS 
sections  will  be  a  mixture  of  modified 
existing  and  specially  constructed 
sections  which  will  be  used  to  etudv  in 
detail  a  more  limited  range  of  factors. 
GPS  sections  may  move  to  the  SPS  as  they 
undergo  normal  rehabilitation. 

Wherever  possible,  SPS  sections 
will  be  located  in  proximity  to  GPS 
sections.  This  simplifies  data 
collection,  since  some  GPS  section  data, 
such  as  traffic  levels,  will  apply  to 
the  SPS  section.  In  addition,  it  will 
facilitate  the  testing  and  observation 
of  the  SPS  section,  since  crews  will  be 
in  the  area  to  perform  these  actions  for 
the  GPS  section. 

Other  TRAs  will  use  SPS  sections  in 
their  experiments.  The  maintenance  cost 
effectiveness  portion  of  the  Highway 
Operations  TRA  will,  for  example,  apply 
different  treatments  to  SPS  sections  and 
evaluate  the  effectiveness  of  these 
treatments.  In  these  experiments,  a 
number  of  SPS  sections  will  be  located 
around  an  SPS  section. 

History  of  the  IMS  Project 

The  designers  of  the  LTPP  project 
realized  early  on  that  the  research 
would  generate  immense  volumes  of  data. 
Unlike  SHRP,  which  has  a  5-year  life, 
LTPP  has  a  20-year  data  collection 
horizon.  After  SHRP  expires,  the  state 
highway  agencies  will  continue  to 
provide  data  to  the  system.  This  long 
lifetime  means  that  the  IMS  must  be 
carefully  designed,  since  it  will  no 
doubt  span  quantum  leaps  in  the  state  of 
the  art  for  computer  technology, 
materials  testing,  and  highway 
instrumentation . 

Because  it  is  a  key  component  of 
LTPP,  planning  for  the  IMS  was  begun 
during  SHRP's  interim  phase .  The 
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Federal  Highway  Administration  (FHWA) 
sponsored  a  study  to  evaluate  the  LTPP 
plans  and  prepare  preliminary  design 
criteria  for  the  proposed  LTPP  IMS. 

This  effort,  conducted  by  Coe-Truman 
Technologies,  Inc.,  resulted  in  a 
document  called  the  Implementation  Plan. 
The  Implementation  Plan  recommended  a 
basic  hardware  and  software  architecture 
for  the  IMS,  and  computed  such 
parameters  as  mass  storage 
requirements . 

Based  upon  the  recommendations  of 
the  report,  SHRP  decided  that  each  of 
its  four  regional  offices  would  serve  as 
data  collection  nodes  for  the  IMS.  Each 
office  would  have  a  small  IMS  to  collect 
and  validate  data  gathered  for  the 
region.  These  data  would  then  be 
forwarded  to  a  national  IMS  for  storage 
and  dissemination  to  the  research 
community.  To  provide  continuity  over 
the  20  year  LTPP  data  collection 
process,  SHRP  selected  the 
Transportation  Research  Board  (TRB)  to 
operate  this  central  system. 

In  the  Fall  1987  program 
announcement,  SHRP  requested  proposals 
for  development  of  the  IMS.  SHRP 
specified  the  following  objectives  for 
an  essentially  turnkey  project: 

1)  Implementation  of  the  national 
IMS  and  four  regional  IMS 
nodes ; 

2)  Installation  of  the  national 

IMS  at  TRB; 

3)  Installation  of  the  four 

regional  nodes; 

4)  Installation  of  necessary 

interface  and  quality  control 
subsystems  between  the  regional 
offices  and  existing  SHRP  and 
contractor  offices; 

5)  Provision  of  documentation  and 
training  to  allow  operation  of 
the  complete  IMS  by  SHRP,  TRB, 
and  contractor  staff; 

6)  Installation  of  interfaces 
between  SHRP  and  contractor 
offices  to  allow  flexible 
access  to  the  data  for  a 
national  analysis  program;  and 

7)  One  year  of  maintenance  support 
following  system  delivery. 

The  author's  employer,  Science 
Applications  International  Corporation 
(SAIC) ,  responded  and  was  eventually 
selected  by  SHRP  to  perform  the  job.  At 
this  time,  development  of  the 
operational  system  is  underway.  Tasks 


already  completed  include 
hardware/software  selection  and 
development  of  a  pilot  system. 

Following  sections  of  this  paper  will 
discuss  the  project  elements  in  detail. 

LTPP  DATA  COLLECTION 

The  LTPP  experiments  will  collect 
or  generate  a  wide  variety  of  data. 
These  data  are  grouped  into  the 


following  categories: 

1) 

Inventory ; 

2) 

Maintenance ; 

3) 

Rehabilitation; 

4) 

Traffic ; 

5) 

Materials  testing; 

6) 

Enviroiunental  ;  anu 

7) 

Monitoring . 

For  the  most  part,  the  four  SHRP 
regional  offices  are  coordinating  the 
collection  of  data  for  the  highway 
sections.  Each  of  these  offices  has 
responsibility  for  the  sections  in  a 
number  of  states.  Data  providers 
include  state  highway  agencies  (SHA) , 
field  sampling  and  testing  contractors, 
the  regional  staff,  and  selected 
external  data  systems. 

Inventory 

The  inventory  data  consists  of 
information  on  the  history  and  current 
status  of  the  pavement  section. 

Included  is  basic  information  to 
identify  the  section,  such  as  the 
highway,  milepost  and  station,  section 
type,  responsible  agency,  etc. 

Inventory  data  also  describes  the 
geometric  details  of  the  section  and  its 
materials  properties.  Finally,  it 
contains  information  on  the  historical 
costs  of  construction  and  maintenance. 

State  highway  agencies  provide 
inventory  data  to  the  SHRP  regional 
offices.  Using  their  records,  the  SHAs 
fill  out  detailed  data  collection  forms 
for  each  of  their  sections.  These  forms 
are  submitted  to  the  regional  offices, 
where  they  are  presently  being  reviewed 
and  entered  into  an  interim  data  base. 
Upon  completion  of  the  IMS,  the  data 
will  be  transferred  from  this  interim 
data  base. 

Inventory  data  collection  is  in 
progress.  Experience  to  date  has  shown 
that  the  quality  of  inventory  data 
varies  widely.  Some  states  have 
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extensive  records;  others  do  not.  Then 
too,  available  data  often  pertain  to  an 
extensive  project  of  several  miles.  An 
assumption  of  uniformity  is  necessary  to 
use  the  data  for-  a  151.5  meter  (500 
foot)  section. 

Maintenance 

Data  will  be  collected  for  a  GPS 
section  each  time  maintenance  is 
performed.  These  data  will  consist  of 
detailed  information  on  treatment  type 
and  location,  application  methods, 
materials  properties,  and  cost.  LTPP  is 
still  defining  its  maintenance  data 
fields  and  formats.  Because  of 
differences  in  the  practices  used  by  the 
states,  the  IMS  must  be  able  to 
accommodate  a  wide  variety  of 
maintenance  data. 

To  help  ensure  that  all  maintenance 
actions  are  recorded,  the  states  have 
agreed  to  control  maintenance  on  the 
SHRP  sections.  When  maintenance  is  to 
be  performed,  SHRP  will  be  contacted. 

The  regional  staff  will  then  coordinate 
with  the  state  to  collect  the  required 
data.  Current  plans  are  for  the 
maintenance  data  to  be  submitted  to  the 
regions  using  data  forms. 

The  maintenance  cost  effectiveness 
(MCE)  study  of  the  Highway  Operations 
TRA  is  applying  specific  treatments  to 
SPS  sections.  Their  objective  is  to 
compare  the  effectiveness  and 
performance  of  the  treatments.  MCE  will 
collect  extremely  detailed  information 
on  these  experiments.  Unlike  LTPP,  MCE 
will  have  a  very  controlled  set  of 
maintenance  actions,  so  data  formats 
will  be  highly  standardized.  These  data 
will  be  stored  in  the  IMS. 

Rehabilitation 

LTPP  will  record  data  on 
rehabilitation  activities  which  occur 
after  section  monitoring  begins. 
Rehabilitation  activities  are  considered 
to  revise  the  construction  details  of 
the  section. 

The  collected  data  will  describe 
the  time  and  type  of  rehabilitation, 
changes  to  the  existing  section  layer 
structure,  reconstruction  methods, 
material  and  layer  properties,  and 
costs.  SHRP  is  still  developing  data 
collection  specifications  for 
rehabilitation.  Current  plans  are  for 


the  SHAs  to  record  data  during 
rehabilitation  activities  and  to  forward 
these  data  to  the  SHRP  on  collection 
forms . 

Traffic 

LTPP  plans  to  obtain  traffic  data 
for  all  sections.  These  traffic  data 
will  include  both  the  historic  activity 
prior  to  section  monitoring  and  the 
actual  traffic  during  monitoring. 
Information  of  interest  includes  average 
annual  daily  traffic  (AADT) ,  percent 
heavy  trucks,  distribution  of  traffic  by 
vehicle  category,  and  distribution  and 
magnitude  of  axle  loadings. 

Historical  traffic  data  will  be 
collected  from  SHA  records.  Where  count 
data  are  missing,  "backcasting"  and 
other  estimation  techniques  will  be  used 
to  generate  values.  The  SHAs  will 
provide  data  using  both  paper  forms  and 
computer  files. 

The  plan  for  collecting  data  during 
the  monitoring  phase  is  still  being 
finalized.  It  is  SHRP's  goal,  however, 
to  have  automated  continuous  vehicle 
classification  and  weigh-in-motion 
systems  at  or  near  each  GPS  section. 

The  SHAs  would  collect  the  data  from 
these  devices  and  forward  it  to  SHRP  on 
a  specified  basis.  This  would  continue 
for  the  duration  of  the  project.  Should 
funding  limitations  preclude  the 
installation  of  these  devices,  staff 
would  conduct  periodic  counts  using 
portable  equipment  and  factor  the 
results  to  an  annualized  level. 

SHRP  plans  to  maintain  traffic  data 
in  both  raw  and  summary  forms.  The  raw 
data  would  be  available  on  request;  the 
IMS  would  normally  contain  only  summary 
statistics . 

Materials  Testing 

LTPP  is  preparing  to  start  a  field 
sampling  and  materials  testing  campaign 
which  will  cover  all  GPS  sections.  The 
purpose  of  this  campaign  is  to  examine 
the  layer  structure  of  the  sections  and 
to  verify  the  material  properties  of  the 
layers.  These  results  should  indicate 
the  degree  to  which  materials  have 
deteriorated  since  construction. 

During  the  field  operation,  crews 
will  take  various  types  of  samples  from 
the  pavement  layers  immediately  before 
and  after  the  test  section.  The 
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location,  type,  and  condition  of  these 
samples  will  be  recorded  in  the  IMS. 

The  crews  will  also  probe  for  rock  and 
perform  certain  in  situ  tests,  which  the 
IMS  will  also  capture. 

At  the  laboratory,  the  samples  will 
be  subjected  to  a  variety  of  tests.  The 
results  will  also  be  transmitted  to  the 
IMS.  The  IMS  will  store  the  raw  test 
data  from  the  samples  and  aggregated 
values  for  the  specific  layers.  At 
present  the  materials  test  data  will  be 
sent  to  SHRP  on  paper  forms. 

Environmental 

Environmental  data  for  sections  will 
include  rainfall,  temperature,  solar 
radiation,  and  freeze-thaw 
characteristics.  The  data  will  be 
summarized  on  a  monthly  and  an  annual 
basis.  Specifics  of  the  environmental 
data  collection  program  are  still  being 
worked  out.  Various  sources 
specializing  in  climate  information, 
such  as  the  National  Climatic  Data 
Center  or  the  State  Climatologist,  will 
most  likely  provide  the  data  in  machine 
readable  format. 

The  IMS  may  be  required  to  calculate 
a  representative  value  from  several 
weather  stations  in  proximity  to  a 
section.  In  this  case,  it  will  store 
both  the  raw  station  data  and  the 
derived  values  for  the  section. 

Monitoring 

The  monitoring  category  is  an 
extensive  portion  of  the  LTPP  data 
collection.  Monitoring  data  consists  of 
the  following  categories: 

1)  Surface  distress; 

2)  Transverse  profile  (rutting); 

3)  Deflection;  and 

4)  Longitudinal  profile. 

Surface  Distress  and  Transverse 
Profile.  LTPP  will  use  high  speed 
photography  to  record  images  of  the 
pavement  surface.  The  equipment, 
produced  by  PASCO,  USA,  also  provides 
transverse  profile  information.  It  is 
also  possible  in  some  cases  that 
distress  surveys  will  be  conducted 
manually  in  the  field.  The  MCE  study  is 
expected  to  use  this  procedure 
exclusively . 

The  PASCO  photographs  will  be 
reduced  using  an  as  yet  unselected 


system.  The  data  reduction 
specifications  call  for  the  user  to  be 
able  to  record  distress  types  and 
severities  for  one  foot  square 
increments  of  the  test  section.  The 
reduced  data  will  be  in  machine  readable 
form.  The  IMS  will  record  all  of  the 
localized  distress  information  and  will 
have  an  aggregate  summary  for  the 
section. 

The  PASCO  equipment  provides 
transverse  profile  data  in  machine 
readable  format. 

Deflection.  Deflection  data  will 
be  obtained  using  falling  weight 
def lectometers  (FWD).  SHRP  has 
purchased  a  fleet  of  four  FWDs  from 
Dynatest  Consulting,  Inc.  Current  plans 
are  for  FWD  equipment  to  be  operated 
over  each  GPS  section  twice  during  the 
first  five  year  period.  State  owned 
FWDs  may  be  used  to  provide 
supplementary  Information. 

Deflection  measurements  will  be 
made  at  numerous  points  within  a 
section.  At  each  test  location,  a 
number  of  drops  will  be  conducted  using 
various  loading  conditions.  The  exact 
number  of  total  drops  within  a  section 
varies  according  to  the  pavement  type. 
The  positioning  of  the  deflection 
sensors  may  also  vary. 

For  each  drop  site,  the  FWD  will 
produce  data  sets  containing  test 
parameters,  peak  response  values  and 
load-deflection  time-history 
information.  The  total  amount  of  raw 
data  for  a  test  section  ranges  as  high 
as  4.9  million  characters.  The  Dynatest 
FWD  places  test  data  on  IBM-PC  format 
data  diskettes. 

During  the  deflection  tests,  a 
technician  will  record  pavement  layer 
temperatures  at  two  locations  within  the 
section.  Temperature  sensors  will  be 
installed  in  the  pavement  for  this 
purpose . 

The  IMS  must  take  the  FWD  data 
files,  filter  them  to  extract  necessary 
data,  and  load  these  data  into  tables. 
Raw  time  history  data  will  be  stored 
off-line.  The  test  parameters,  peak 
data,  temperatures,  and  machine 
configuration  are  retained  on-line. 
Summary  data  for  the  deflection  tests 
may  also  be  developed. 

Longitudinal  Profile.  SHRP  will 
record  the  longitudinal  profile  of  the 
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pavement  sections  annually  for  the  first 
five  years.  The  main  instrument  to  be 
used  for  this  is  the  K.J.  Law 
Profilometer .  SHRP  has  purchased  three 
of  these  devices.  Use  of  the  Face 
DIPstick  is  also  being  considered 
because  of  its  flexibility. 

The  current  profiling  plan  is  to 
obtain  measurements  (elevation  vs. 
longitudinal  coordinate)  at  15.24  cm  (6 
in.)  intervals  in  both  wheel  paths. 

These  data  would  be  maintained  in  the 
IMS  in  raw  form.  Summary  statistics, 
such  as  the  International  Roughness 
Index  (IRI)  would  also  be  maintained  for 
each  test. 

The  K.J.  Law  prof ilometers  use  DEC 
PDP-11  minicomputers  for  data  collection 
and  reduction.  These  data  can  be 
transferred  to  the  IMS  on  magnetic  tape. 
The  DIPstick  stores  data  internally,  but 
can  download  it  through  a  serial  port  to 
the  IMS. 


IMS  COMPONENTS 

The  overall  IMS  consists  of  five 
nodes.  Each  of  the  four  LTPP  offices 
has  a  regional  IMS.  The  national  IMS 
will  be  located  at  TRB  in  Washington, 
D.C.  This  distributed  design  resulted 
from  an  evaluation  of  the  processing 
requirements  for  the  system.  The 
regional  machines  are  primarily  used  for 
data  collection  and  validation. 

Personnel  in  the  regions  have  a  working 
relationship  with  all  of  the  data 
providers  and  the  technical  expertise  to 
judge  data  quality.  The  national 
machine  will  be  used  for  data  storage 
and  retrieval.  It  has  the  processing 
power  to  handle  large  queries  and  for 
statistical  analysis  of  large  data  sets. 
Routine  use  of  the  national  machine  by 
the  regions  was  judged  impractical 
because  of  the  communications  expense. 

Hardware 

Hardware  selection  for  the  regional 
and  national  machines  was  based  upon 
numerous  criteria.  The  basic  goals, 
however,  were  to  be  cost  effective, 
maintain  system  compatibility,  have 
sufficient  power  for  the  tasks  at  hand, 
and  to  have  an  upgrade  path. 

Regional  IMS.  The  regional  IMS 


machines 

are  Compaq  personal  computers 

with  the 

following  specifications: 

1) 

25-mHz  80386  microprocessor; 

2) 

5  megabytes  (MB)  of  random 
access  memory; 

3) 

300  MB  of  fixed  disk  storage; 

4) 

1  3-1/2  inch  1.44  MB 
microfloppy  drive; 

5) 

1  5-1/4  inch  1.2  MB  floppy 
drive ; 

6) 

High  speed  dot  matrix  printer 

7) 

2400  baud  telephone  modem; 

8) 

120  MB  streaming  tape  drive; 
and 

9) 

Enhanced  graphics  display 

adapter  and  color  display. 

These  machines  were  chosen  after  a 
detailed  evaluation  of  regional 
requirements  revealed  that  a  single  user 
system  would  be  adequate.  Since  the 
regional  centers  will  only  be  in  place 
for  5  years,  these  systems  needed  only 
to  be  well  supported  during  this  time. 
The  80386  machines  are  currently  the 
state  of  the  art  in  personal  computing. 
Ail  regions  have  their  computers  in 
place . 

MS-DOS  version  3.31  is  used  on  the 
regional  machines.  The  version  has  been 
modified  by  Compaq  to  handle  files  and 
devices  in  excess  of  the  normal  32  MB 
DOS  limit.  The  system  users  wished  to 
use  DOS  for  two  reasons:  1)  to  maintain 
compatibility  with  existing  office 
equipment  and  software  and  2)  because 
they  felt  most  familiar  with  it.  The 
planned  operating  system  upgrade  path  is 
to  OS/2  and  UNIX  should  capacity  demands 
require  multi-processing  or  multi-user 
operation.  The  machine  was  sized  for 
four  users  in  a  UNIX  configuration. 

The  regional  machines  have 
expansion  slots  allowing  for  the 
addition  of  additional  peripheral  device 
controllers,  network  adapters,  or 
communications  ports  should  the  need  be 
identified. 

National  IMS.  The  national  machine 
is  to  be  a  Digital  Equipment 
Corporation  MicroVAX  3600  minicomputer. 
This  computer  has  the  following 
specifications : 

1)  CMOS  implementation  of  VAX 
processor  architecture; 

2)  32  MB  of  random  access  memory; 

3)  Hardware  floating  point 
processor ; 

4)  Ethernet  adapter; 

5)  622  MB  of  fixed  disk  storage; 
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6) 

1600/6250  bpi  1/2  inch  magnetic 
tape  drive; 

7) 

296  MB  cartridge  tape  drive; 

8) 

Terminal  server; 

9) 

2400  baud  telephone  modem; 

10) 

High  speed  line  printer;  and 

ID 

4  gigabyte  program  address 
space  using  virtual  memory. 

SHRP  required  that  the  national 
machine  support  a  multi-user,  multi¬ 
processing  operation,  with  the  capacity 
for  10  simultaneous  timesharing  users. 
The  VAX  machine  was  selected  because  it 
met  this  performance  criteria  and  had  an 
excellent  upgrade  path.  The  VAX  series 
are  common  in  research  settings,  and  a 
wide  variety  of  software  is  available. 
The  IMS  VAX  will  run  under  the  VAX/VMS 
operating  system. 

SHRP  also  decided  to  purchase  an 
extra  regional  machine  for  the  national 
center.  The  extra  computer  will  be  used 
for  regional  software  development  and 
data  exchange  between  the  regions  and 
the  national  VAX.  The  two  computers 
will  be  interconnected  using  DECnet 
software  and  a  high-speed  serial 
connection  or  an  Ethernet  LAN. 

Support  Software 

SHRP  specified  the  use  of  a 
relational  data  base  management  system 
for  the  IMS.  Based  upon  the  variety  of 
data  to  be  collected  in  the  system,  SAIC 
concurred  with  this.  ORACLE  was 
selected  from  the  group  of  candidate 
products  after  an  evaluation  that 
included  product  capabilities,  technical 
support,  vendor  stability,  hardware 
support,  and  market  share. 

ORACLE  uses  the  industry  standard 
Structured  Query  Language  (SQL) .  SQL 
offers  an  extremely  powerful  command  set 
for  data  manipulation  and  data  base 
maintenance.  The  ORACLE  product  also 
includes  a  host  language  interface,  a 
form  management  package,  a  report 
writer,  and  a  menu  manager.  Numerous 
third  party  products  are  also  available 
for  the  DBMS. 

ORACLE  has  compatible  versions  for 
both  hardware  platforms  chosen  for  the 
IMS.  This  is  important  because  the 
software  is  the  glue  which  integrates 
the  IMS  hardware  components.  Having  one 
software  product  for  both  machines 
simplifies  software  development  and 
maintenance,  helps  to  ensure  data 


compatibility,  and  eases  training 
requirements . 

The  ORACLE  product  has  so  far  met 
most  of  its  advertising  claims. 
Applications  developed  on  the  personal 
computer  (PC)  are  being  ported  and 
executed  without  change  on  the  VAX. 

Table  structures  and  data  are  also 
portable.  Some  problems  with  memory 
management  have  been  observed  in  the  PC 
software,  but  a  new  version  of  the 
product  promises  improvement. 

All  non-ORACLE  applications  for  the 
IMS  are  written  in  ANSI  'C'.  This 
decision  was  made  to  further  insure  the 
portability  of  the  system  software. 

These  applications  are  primarily  filters 
for  processing  machine  readable  data. 

Data  Tables 

The  IMS  contains  many  tables.  These 
consist  of  several  types: 
administrative,  lookup,  data,  and 
utility . 

Administrative  tables  are  the 
highest  level  in  the  IMS  data  structure. 
They  contain  such  information  as 
experiment  definitions,  user  access 
privileges,  and  valid  section 
identifications.  The  IMS  code  uses 
these  tables  to  direct  many  of  its  low 
level  activities.  Write  access  to  these 
tables  is  only  possible  at  the  national 
center  and  is  strictly  controlled. 

Lookup  tables  are  lists  used  to 
validate  data  or  to  translate  values. 
Their  contents,  too,  are  controlled  by 
the  national  center. 

Data  tables  contain  the  information 
collected  by  the  study.  These  tables 
are  logically  related  through  various 
key  structures.  The  highest  level  key 
in  the  IMS  is  the  section  key,  which 
uniquely  identifies  an  LTPP  section. 
Other  keys  are  added  to  identify  as 
necessary  to  uniquely  identify  table 
records.  Almost  all  contents  of  the 
data  tables  originate  at  the  regional 
centers . 

Utility  tables  are  used  in  various 
processing  steps.  Certain  reports  use 
utility  tables,  for  example,  to  store 
intermediate  results.  These  tables  are 
also  used  to  pass  results  between 
applications . 

Because  much  of  the  data  collection 
plan  is  incomplete,  table 
specifications  are  still  being 
developed  for  the  IMS.  Even  after 
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completion  of  the  plan,  many  changes 
will  be  identified  during  the  course  of 
the  program.  One  of  the  benefits  of  the 
relational  data  model  is  the  ease  with 
which  the  data  tables  can  be  altered. 

Applications 

IMS  system  users  interact  with  the 
system  almost  exclusively  through 
applications  programs.  Direct  access  to 
SQL  will  rarely  be  required,  and  then 
only  for  the  system  operator.  The 
applications  use  the  basic  capabilities 
of  the  DBMS  to  perform  complex  actions, 
while  providing  an  interface  to  guide 
and  protect  the  user.  IMS  applications 
use  uniform  design  criteria  for  user 
interface  elements  such  as  menus,  forms, 
error  handling,  and  help  messages. 

IMS  applications  currently  consist 
of  four  tvpes:  utilities,  data  entry 
forms,  query  processors,  and  reports. 
When  present  on  both  IMS  platforms, 
applications  are,  with  minor  exceptions, 
identical . 

Utilities  are  applications  designed 
to  perform  utilitarian  chores  such  as 
DBMS  housekeeping  and  prepro  essing 
input  data  files.  They  gene 'ally 
require  minimal  interaction  with  the 
user  beyond  the  specification  of 
control  parameters. 

Data  entrv  forms  allow  the  user  to 
add,  modify,  or  delete  data  from  a  table 
or  tablets.  These  forms  have  extensive 
data  validation  and  control  logic 
installed  to  protect  the  IMS.  A 
journalling  system  records  transactions 
performed  by  the  user. 

Query  processors  allow  the  user  to 
perform  a  "canned"  query  without 
resorting  to  SQL.  Instead  of  entering  a 
complicated  series  of  SQL  statements, 
the  user  need  answer  only  a  short  set  of 
questions.  The  query  processors  are 
designed  to  select  the  desired  records 
in  an  efficient  manner.  Furthermore, 
they  are  compiled  for  maximum  execution 
speed.  The  disadvantage  of  this  method 
is,  of  course,  a  lack  of  flexibility. 
Still,  experience  shows  that  users  often 
have  a  limited  set  of  requests.  SQL  is 
still  available  to  handle  the  ad  hoc 
query.  Outputs  from  query  processors 
may  be  stored  in  new  tables,  fed  to 
report  programs,  printed  using  SQL,  or 
written  to  data  files. 

Reports  are  applications  used  to 
rearrange  or  reduce  data.  Most  of  the 


reports  developed  for  the  IMS  so  far 
will  be  used  for  data  validation  and 
administrative  purposes, 

IMS  OPERATION 

Operation  of  the  IMS  is  expected  to 
begin  in  mid  1989.  This  section 
discusses  some  of  the  major  operational 
activities . 

Data  Processing  and  Validation 

With  the  exception  of  environmental 
data,  all  information  for  the  IMS  will 
flow  into  the  regional  nodes.  Before 
attempting  to  enter  data,  the  regional 
center  staff  will  when  possible  perform 
a  desk  check  and  attempt  to  correct 
obvious  errors.  The  data  will  then  be 
entered,  depending  on  its  type,  via  a 
form  application  or  utility.  These 
applications  perform  an  extensive  number 
of  range  and  logic  checks .  Depending 
upon  the  severity  of  errors,  incoming 
records  may  be  rejected.  The  regional 
center  staff  reviews  these  and  makes  the 
needed  corrections. 

After  loading  batches  of  data,  the 
regional  staff  may  run  various  reports 
to  evaluate  data  trends  and  perform 
interrecord  consistency  checks.  The 
staff  will  take  action  to  remedy 
problems  found  during  these  analyses. 

At  selected  intervals,  the  regional 
centers  transmit  their  validated  data  to 
the  national  center.  Records  are 
selected  for  transmission  via  the 
journalling  facility.  All  transactions 
since  the  last  data  transmission  are 
selected.  The  data,  along  with  the 
journal  file,  are  written  to  cartridge 
tape  and  sent  to  the  national  center. 

The  regional  journal  is  then 
reini tialized . 

Upon  receipt  of  data  from  a  region, 
the  national  center  operator  uses  the 
journal  file  to  update  the  national  data 
base.  The  data  are  read  using  the  386 
platform  and  transmitted  via  the 
communications  data  link  to  the  VAX. 

New  blocks  of  data  are  moved  into  a 
shadow  data  base,  where  the  LTPP 
Technical  Assistance  Contractor  will 
perform  interregional  quality  checks. 

Any  data  found  to  have  problems  is 
referred  back  to  the  regions  for 
correction.  Only  after  data  passes 
these  tests  is  it  moved  into  the  actual 
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national  data  hast;  and  made  available  t-- 
the  resi-nrch  community.  Tin-  shadow  data 
base  a>iu'e;i:  is  easily  imp  1  emr-nt  <  d  usir.i1. 
the  security  features  of  ORACLE . 

System  Updates 

The  general  philosophy  behind  IMS 
updates  is  to  keep  tig.ht  control  at  the 
national  center.  This  is  necessary  to 
prevent  unauthorized  changes  from  making 
d<i  t  <i  inruns  :  stent  or  software 
i  ncom.pa  t  :  h !  e  . 

System  table  updates  are  performed 
under  the  control  of  the  national  svsten 
operator.  All  changes  to  administrative 
and  lookup  tables  are  made  on  the 
national  machine.  Copies  of  the  tables 
are  then  transmitted  to  the  regions. 
Regional  systems  lack  the  utility 
applications  for  administrative  table 
ma  i  nt ena;.ce  . 

Software  development  and  testing, 
will  also  take  place  at  the  national 
center.  Updates  will  be  transmitted  to 
the  regions  as  necessary.  The  regions 
do  not  have  the  staff  necessary  for 
these  activities;  their  primary 
responsibility  is  to  handle  the 
experiment.  SHRP  will,  however,  ensure 
that  the  national  center  operator  is  an 
information  systems  engineer  trained  in 
the  use  of  the  IMS  hardware  and 
so  f  twa re . 

Di  sseminat  ir.g,  Data 

Requests  for  data  will  be  served  by 
the  national  center.  The  regions  may 
provide  selected  data  to  their  states  as 
a  courtesy,  but  the  research  community 
will  only  receive  cleansed  data  from  the 
national  data  base. 

The  mechanism  for  initiating 
requests  has  not  yet  been  fully 
developed.  It  is  expected,  howe'er, 
that  researchers  will  contact  SHRP  or 
TRB  to  request'  information.  The  request 
will  be  turned  over  to  the  national 
center  operator,  who  will  select  the 
necessary  records  and  output  them  in  tin- 
specified  format.  SHRP  does  not 
envision  that  requesters  of  the  data 
will  have  direct  access  to  the  data 
base.  It  is  possible  that  users  may  be 
allowed  dial-in  access  to  the  national 
machine  *.<>  m..ko  requests  or  download 
se  1  i-i:  t  i  d  <la  t  a  . 

ho  de<- is  ion  has  been  made  regarding 
user  charges  for  requested  information. 


The  do  s s  :  b  i  1  :  *  v  o  t  r  :  ..i  i v  : ;  .  : 

and  processing  :  is-  i  :  . 

to  numerous  j tat e  ai  d  f <  d-  • i  .  •  : 

has  been  discussed  T : . -  lbs 

provide  data  on  1/7  inch  ir-.i.,;.«-t  i  ••  : 
and  PC  format  floppy  diskettes, 
national  machine  can  write  1*  1  . 

IBM  standard  label  or  n-m- I  d  > 
in  ASCII  or  EBCDIC. 

CONCH'S  1  ONS 

A  great  deal  of  plarmi  t.r-.  u:  1 
investment  have  gone  into  the  l.Ti’P 
SHRP  clearly  places  a  great  deal  of 
importance  on  the  system.  They  hav 
selected  advanced  hardware  and  soft 
and  integrated  into  a  system  design 
function  for  the  duration  of  a  long 
project.  It  is  too  early  to  mai-u  a 
claims  about  the  performance  of  t 
system,  or  about,  the  data  colKcL.il 
Much  of  the  IMS  development  lies  ai. 
of  us.  Still,  it  is  unlike!;,  that 
pavement  researchers  will  have  cans 
complain  about  their  ability  to  oh: 
LTPP  data. 
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AFS1KACI  INTRODUCTION 


field  testing  of  in-service  rigid 
i'uvvwents  allows  them  to  be  evaluated 
under  actual  traffic  load  and  environ- 
moula’  conditions.  Data  commonly  col¬ 
lated  includes  load  induced  strains, 
lead  induced  deflections,  and  slab 
temperature  gradients.  Field  instru¬ 
mentation  provides  important  data  to 
corf  inn  theoretical  and  experimental 
pavement  response  due  to  environmental 
conditions  and  applied  loads.  Together 
with  laboratory  and  theoretical  data, 
field  testing  data  can  be  used  to 
develop,  and  improve  mechanistic  thick¬ 
ness  design  methods,  load  equivalency 
factors,  distress  functions,  and  pavement 
const  rue  t i on  procedures . 

Construction  Technology  Laboratories, 
Inc.  (CTI.)  uses  a  high  speed  computer- 
based  data  acquisition  system  installed 
in  an  instrumentation  van.  The  system  is 
>  a[ a h 1 e  of  recording  up  to  64  channels  of 
static  or  dynamic  data.  All  channels  are 
s i n u 1 t am-ous 1 y  sampled,  recorded,  and 
stored  in  digital  form  on  either  floppy 
■  n  hard  disks  and/or  analog  form  on  an  F'. 
tape  'reorder  for  later  interpretation. 
Analog  to  digital  conversion  is  select¬ 
able  up  to  approximately  1000  samples  per 
see  ond  per  channel  . 

Ihis  paper  describes  r i a i d  pavement 
r'e spore  e  commonly  collected  during  field 
t1, sting,  capabilities  of  CIL’s  high  speed 
lata  <o  pi i s  t  i on  system,  and  a  recent 

Oil  O'  •  till,  . 


The  Long  Term  Pavement  Performance 
(LTPP)  Strategic  Highway  Research  Program 
(SHRP)  Advisory  Committee  has  concluded 
that  data  collection  from  in-service 
pavements  is  needed  to  develop  future 
policies  on  pavement  design,  construc¬ 
tion,  and  maintenance .( 1 )*  Together  with 
laboratory  experimental  and  theoretical 
data,  field  testing  can  be  used  to  vali¬ 
date,  develop  and  improve  mechanistic 
thickness  design  procedures,  load  equiv¬ 
alency  factors,  distress  functions,  and 
pavement  construction  procedures.  With 
the  exception  of  AASHO  Road  Test,  other 
test  track  results,  and  accelerated  load¬ 
ing  test  facilities  there  has  been  no 
concentrated  effort  to  evaluate  the 
performance  of  pavements  under  actual 
traffic  and  environmental  conditions, 
kesearch  of  factors  influencing  pavement 
performance  can  be  accomplished  in  part 
by  condition  surveys  and  data  acquisition 
from  in-scrvice  pavements. 

This  paper  discusses  types  of  instru¬ 
mentation,  field  testing  procedures,  and 
use  of  high  speed  computer  contolled 
dynamic  data  acquisition  systems  in 
research  and  testing  of  Portland  cement 
concrete  (PCC)  pavements.  Data  analysis, 
application  of  data  acquisition,  and 
advantages  of  computer-based  systems  are 
also  addressed. 

*  Numbers  in  pareniiieses  refer  to 
references  at  end  of  paper 


INSTRUMENTATION 


CONCRETE. 
OUTSIDE  LANE  SHOULDER 


Responses  commonly  collected  when 
testing  concrete  pavements  include  load 
induced  strain,  load  induced  deflection, 
slab  temperature  gradients,  and  slab 
curl.  Deflections  and  strains  due  to 
moving  wheel  loads  are  collected  using 
high  speed  data  acquisition  systems  capa¬ 
ble  of  acquiring  data  in  the  range  of  200 
to  1000  samples  per  second  per  channel. 
Slab  temperatures  gradients,  ambient  air 
temperature,  slab  corner  curl,  and  edge 
curl  can  be  manually  read  or  automati¬ 
cally  acquired  by  computer  control . 

Strain 

Strains  in  pavements  are  measured 
with  electrical  resistance  strain  gages 
cemented  to  the  pavement  surface  or 
embedded  in  plastic  concrete  during  con¬ 
struction.  For  rigid  pavements  gages  are 
commonly  placed  midway  between  transverse 
joints  or  cracks  along  the  pavement  edge. 
Gages  can  also  be  placed  along  the  diago¬ 
nal  at  a  slab  corner  or  along  transverse 
joints  as  shown  in  Figure  1.  The  magni¬ 
tude  of  measured  load  induced  strain 
along  the  diagonal  and  transverse  joint 
is  generally  less  than  that  produced 
along  the  edge.  Gages  can  also  be  placed 
in  the  interior  of  the  slab  or  along  con¬ 
crete  shoulder  edges.  A  minimum  gage 
length  of  2-1/2  times  the  maximum  size 
aggregate  should  be  selected  to  reflect 
average  strain  in  the  pavement  material 
matrix.  For  concrete  pavements  the  mini¬ 
mum  gage  length  is  typically  100  to  120 
mm. 

Bonded  electrical  resistance  gages 
with  polyimide  film  backings  commonly 
used  to  measure  pavement  surface  strain 
are  advantageous  due  to  their  relatively 
low  cost,  easy  application,  and  sensitiv¬ 
ity  to  both  static  and  dynamic  strain. 

The  maximum  strain  is  assumed  to  be  loca¬ 
ted  at  the  top  and  bottom  surface  equal 
in  magnitude  but  opposite  in  sign.  Thus, 
a  value  of  20  millionths  compressive 
strain  (positive  value)  at  the  slab  sur¬ 
face  would  imply  a  20  millionths  tensile 
strain  at  the  slab  bottom.  Disadvantages 
of  surface  gages  include  the  low  durabil 
ity  in  severe  environments  or  traffic 
loadings  even  when  mounted  in  recessed 
grooves . 

Gages  are  bonded  to  the  concrete 
surface  as  follows: 

1.  Grind  a  recess  sufficient  to 


figure  1  lnstrus.entat  ion  La 


remove  the  texture  grooves  in 
the  pavement  surface 

2.  Heat  the  concrete  surface  (when 
necessary)  and  clean  the  recess 
with  acetone 

3.  Apply  a  thin  coat  of  adhesive, 
place  the  gage  in  the  adhesive 
and  remove  all  air  bubbles 

4.  Connect  lead  wires  to  the  gage 

and  run  lead  wires  in  recessed 
grooves  to  the  pavement  edge 

5.  Waterproof  the  gage 

6.  Fill  gage  and  lead  wire  recesses 

with  silicon  rubber. 

Several  techniques  have  been  used  by 
CTL  to  embed  strain  gages  in  rigid  pave¬ 
ment  slabs  for  long  term  monitoring.  One 
type  of  embedment  gage  consists  of  a  wire 
strain  gage  sealed  between  two  thin  resin 
blocks.  The  blocks  are  commonly  textured 
or  coated  with  a  coarse  grit  to  provide 
bond  with  the  concrete.  The  advantages 


of  using  t  h  1 ..  type  of  gage  is  its  rela 
tively  low  cost,  mo  i  st  ureproof  i  ncj  pro¬ 
vided  by  resin  blocks,  excellent  bond 
characteristics,  and  simplicity  of 
installat  on.  Disadvantages  of  using 
the  resin  block  type  of  gage  is  that  they 
may  require  corrections  to  values  to 
compensate  tor  temperature  changes  and 
require  some  care  during 
installation. (2)  A  second  type  of 
embedment  gage  consists  of  approximately 
1/4  to  1 /?  in.  temperature  compensating 
strain  gages  welded  to  No.  3  or  4  size 
deformed  reinforcement  bars.  Plates  can 
also  be  welded  to  the  ends  of  bars  to 
ensure  bond  to  the  concrete.  Strain  in 
t lie  concrete  i  transferred  through  the 
rebar  to  the  strain  yage.  This  type  of 
gage  has  been  successfully  used  to 
monitor  stressing  operations  in 
prestressed  pavements.  Advantages  of 
tiiis  gage  include  being  a  very  rugged 
gage  for  placement,  in  actual  construction 
conditions  and  that  they  can  be  prefabri¬ 
cated  prior  to  construction. 

Disadvantages  include  high  fabrication 
costs  and  that  gages  have  to  be  water 
proofed.  A  third  type  of  embedment  gage 
used  by  C1L  h a *-  been  a  Carlson  Meter.  (3) 
This  type  of  gage  is  a  strain  sensor 
which  is  a  long  cylinder  with  an  anchor 
ring  at  each  end  to  engage  the  surround¬ 
ing  concrete.  This  gage  has  been  used  to 
monitor  stressing  operations  in  pre¬ 
stressed  pavements.  Flexural  strains  can 
only  be  measured  using  this  gage  for  very 
thick  structural  members.  Within  the 
brass  cylinder  two  wound  strain  gage 
coils  are  supported  by  porcelain  spools. 
As  the  ends  of  the  meter  move,  one  coil 
is  stretched  while  the  other  one  is 
shortened.  Stretching  causes  an  increase 
in  wire  resistance  while  shortening 
causes  a  reduction  in  resistance  from 
which  strain  can  be  computed.  Tempera¬ 
ture  fan  also  be  measured  by  measuring 
total  resistance.  This  gage  is  consid¬ 
ered  very  reliable:  and  accurate  for  long 
term  iron i t or i ng  (prest cessed  pavements) 
but  are  relatively  more  expensive  than 
other  embediM'iit  gages. 

If  m.iviiiiiM  dynamic  tensile  strain  is 
of  interest  it  may  be  cost-effective  to 
use  surface  mounted  gages  and  assume  that 
strains  at  the  slab  bottom  are  equal  in 
magnitude  but  opposite  in  sign.  If  long 
term  monitoring  of  slab  gradient  strains 
are  of  interest,  embedment  gages  must  be 
use  1  'll  i  ad.-.iiM  if  i  r : 1  include  labor  inten 
sivt;  i  r ,  >1  <i  I  Ini  in  •  1 1  gages,  installation 


is  generally  done  during  construction 
only,  and  gages  only  start  to  provide  re¬ 
liable  data  when  the  concrete  has  gained 
approximately  25  to  50%  of  its  ultimate 
strength,  long  term  performance  and 
reliability  has  not  conclusively  bec-ri 
established  by  CTL  to  rate  one  embedment 
gage  superior  to  another. 

Embedment  gages  are  installed  in 
plastic  concrete  at  various  elevations 
during  construction.  A  minimum  of  25  mm 
(1  in.)  concrete  cover  is  recommended. 
Prior  to  construction,  chair  assemblies 
or  frames  must  be  made  to  hold  gages  at 
desired  slab  elevations.  Gages  also  have 
to  be  placed  during  construction,  posi 
tinned  between  the  side  forms  and  inter¬ 
nal  vibrators  on  the  slipform  pavers. 
Gages  are  often  placed  in  bOAOUts  secured 
to  the  subgrade  which  are  removed  after 
the  slipform  paver  passes  the  instrumen¬ 
tation.  Concrete  has  to  be  placed  manu¬ 
ally,  consolidated,  and  finished  in  the 
boxed  out  areas  around  the  instrumenta¬ 
tion.  Lead  wires  leading  from  the 
instrumentation  to  the  shoulder  are  com¬ 
monly  fed  through  preplaced  conduit  in 
the  subbase. 

Other  types  or  variations  of  the 
previously  described  embedment  gages  for 
concrete  are  also  available.  Weldable 
strain  gages  can  also  be  placed  on  dowel 
bars  at  transverse  joints  to  measure  load 
induced  strains. 

Defl ection 

Load  induced  deflections  are  measured 
with  resistance  bridge  defl ectometers 
bolted  to  the  concrete  surface  or  mounted 
in  core  holes.  These  meters  contain 
electrical  resistance  strain  gages 
mounted  on  a  metal  strip  bent  into  a 
circular  arc  and  mounted  in  a  cylindrical 
housing.  (4)  Readings  are  referenced  to 
encased  rods  driven  into  the  subgrade  at 
a  depth  of  2  meters  where  no  significant 
movement  is  assumed.  As  the  deflectometer 
moves  the  metal  strip  arc  changes  its 
curvature  producing  resistance  changes  in 
the  mounted  strain  gage  from  which  dis¬ 
placement  can  be  computed. 

For  concrete  pavements  deflections 
typically  collected  include  corner, 
joint,  and  edge  locations  as  shown  ir 
Figure  1.  If  the  defl ectometers  are 
mounted  in  core  holes,  they  can  be  loca¬ 
ted  directly  in  the  wheel  path. 


Warping  and  Curl  Measurements 

Soon  after  concrete  is  placed,  drying 
shrinkage  of  the  concrete  begins.  Drying 
shrinkage  in  a  slab-on-grade  occurs  at  a 
faster  rate  at  the  slab  surface  than  at 
the  slab  bottom.  In  addition,  because 
the  subgrade  and  subbase  may  remain  wet, 
the  slab  bottom  remains  relatively  moist. 
Thus,  total  shrinkage  at  the  bottom  is 
less  than  at  the  top.  This  differential 
in  shrinkage  results  in  a  lifting  of  the 
slab  from  the  subbase  at  edges  and 
corner.  Movei..c.il$  of  this  type  resulting 
from  moisture  differentials  are  referred 
to  as  warping.  Over  a  period  of  time, 
the  warping  behavior  is  modified  by  creep 
effects.  However,  warping  is  almost 
never  recoverable. 

In  addition  to  warping,  a  slab-on- 
grade  is  also  subjected  to  curling. 
Curling  is  the  change  in  the  slab  profile 
due  to  temperature  differential  between 
slab  top  and  bottom.  Curling  is  a  daily 
phenomenon.  Slabs  are  curled  upward  from 
their  warped  shape  during  the  night  when 
temperatures  are  low  and  curled  downward 
from  the  warped  shape  during  the  midday 
period  when  temperatures  are  higher. 

Pavement  curl  is  measured  with  0.001- 
in.  indicators  placed  at  the  same  loca¬ 
tions  as  the  defl ectometers .  Curl  read¬ 
ings  are  referenced  to  the  encased  rods 
driven  in  the  subgrade.  Curl  readings 
are  manually  taken  approximately  once  or 
twice  an  hour. 

Temperature  Measurements 

Changes  in  pavement  temperature  are 
measured  with  copper-constantan  thermo¬ 
couples  placed  at  the  surface  of  the 
concrete  pavement  and  at  the  bottom  of 
the  pavement  in  areas  where  the  concrete 
is  removed  at  deflectometer  locations. 
Thermocouples  are  inexpensive,  reliable, 
operate  over  a  very  large  temperature 
range,  and  respond  rapidly  to  changes  in 
temperature. 

To  measure  temperature  gradients  in 
the  slab,  thermocouplec  can  he  placed  in 
small  diameter  holes  drilled  to  different 
depths.  Temperature  gradients  can  also 
be  measured  by  casting  thermocouples  at 
varying  elevations  in  concrete  blocks  and 
placing  the  blocks  in  the  subbase  adja¬ 
cent  to  the  pavement  at  least  12  hours 
prior  to  field  testing. 

Air  temperature  is  monitored  with  a 
thermocouple  shielded  from  the  direct 


sun.  Readings  are  tea  1  o if’;-  manually 
or  computer  controlled  at  intervals  of  If 
to  60  minutes 


DATA  ACQUISITION 

Construction  Technology  L  abc.ratc;  i  os ' 
data  acquisition  control  sy  ter  is  a  high 
speed  computer  based  system  designed  i  <>i 
laboratory  and  field  projects.  A  mictn- 
computer  is  utilized  not  just  for  data 
analysis  but  integrated  into  the  signal 
conditioning,  ion  control, 

storage,  collection,  reduction,  ana  pres  - 
entation  of  data.  1  he  computer  based 
acquisiton  system  is  controlled  with 
software  developed  by  CTL.  I  he  system  is 
used  for  monitoring  arid  recording  dynamic 
data.  Applications  of  high  speed  data 
acquisition  include  pavement  response  due 
to  moving  loads,  track  response  due  to 
train  loadings,  and  wind  or  vibration 
movement  of  a  structure. 

For  pavement  instrumentation  a  data 
acquisition  system  is  comprised  of  the 
instrumentation,  signal  conditioners, 
recording  systems,  and  a  method  of  reduc¬ 
ing,  analyzing,  and  presenting  the  data. 
Instrumentation  can  include  strain  gages, 
displacement  transducers,  thermistors, 
load  cells,  or  accelerometers.  Signal 
conditioners  provide  excitation  voltage. 
signal  amplification,  and  electrical 
signal  balance  for  each  channel.  The 
recording  system  obtains  and  stores 
either  the  continuous  direct  analog 
signal  response  or  is  discretely  digi¬ 
tized.  Once  data  are  converted  to 
engineering  units  it  can  be  reduced, 
analyzed,  and  presented  either  manually 
or  aided  by  computer. 

Signal  Conditioning 

With  CTL's  high  speed  data  acquisi¬ 
tion  system  the  signal  conditioners  are 
computer  program  controlled.  The  system 
is  capable  of  recording  64  channels  of 
static  or  dynamic  data.  Primary  signal 
conditioning  is  provided  by  a  43  channel 
signal  conditioner  model.  Fach  channel 
is  equipped  with 


1 . 

Individual 

signal  conditinnpr 

2. 
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6.  Computer  or  manual  control  zero 
electrical  offset  adjustment, 
shunt  cal ibration,  and 
selectable  signal  gain  amplifier 
ranges 

Additional  signal  conditioning  is 
provided  by  standard  and  specially  de- 
signed  conditioners  developed  for  partic¬ 
ular  types  of  instrumentation.  Siqnal 
conditioner  settings  are  monitored  and 
'.'coed  by  the  computer. 

analog  to  Digital  Conversion 

All  channels  are  simultaneously 
sampled  to  avoid  multiplexing  operations 
and  skewing  of  data  and  then  stored  in 
digital  and/or  analog  form.  Data  input 
into  analog  to  digital  (A/D)  converters 
are  digitized  at  stored  at  user  select¬ 
able  rates  in  the  range  of  10  to  1000 
samples  per  secord  per  channel.  To 
properly  evaluate  analog  signals  at  least 
10  digital  points  per  cycle  are  required. 
Data  for  each  channel  are  simultaneously 
sampled  and  digitized  with  individual 
converters . 

Data  Hand  1 ing 

Data  can  then  be  stored  in  either 
digital  and/or  analog  form.  When  stored 
in  analog  form  on  a  14  channel  magnetic 
tape  recorder,  the  data  are  digitized  and 
analyzed  at  a  later  date.  For  most 
applications  data  are  digitized  by  the 
computer,  converted  into  engineering 
units,  and  stored  in  floppy  or  hard  disk 
data  files.  Maximum  double  buffer  digital 
storage  rate  without  losing  data  for  64 
channels  of  data  acquisition  is  approxi¬ 
mately  20,000  samples  per  second.  Slower 
data  rates  are  typically  stored  on  floppy 
disks  while  large  amounts  of  continuous 
data  obtained  at  high  acquisition  rates 
are  stored  on  a  hard  disk. 

Data  Presentation 

All  system  control  and  digitized  data 
examination  are  done  through  the  computer 
display  terminal  which  has  full  alphanu¬ 
meric  and  graphical  capability.  Program 
controlled  inputs  for  setting  up  the 
signal  conditioners,  starting  and  stop¬ 
ping  data  acquisition,  and  data  presenta¬ 
tion  are  through  the  terminal.  Data  is 
quickly  and  easily  reduced  then  typically 
presented  in  tabular  and  graphic  form 
after  acquisition.  When  necessary,  crit¬ 


ical  data  can  be  immediately  reduced  and 
presented  on  the  display  terminal  for 
pre'Mminary  analysis  and  review  before 
leaving  the  test  site.  All  data  pre¬ 
sented  on  the  display  terminal  can  be 
printed  immediately  with  a  hard  copy 
pr inter. 

Data  typically  summarized  in  tables 
include  minimum,  maximum,  and  average 
(redundant  gages)  values  for  selected 
instrumentation.  Dynamic  data  can  also 
be  plotted  as  a  function  of  time  as  shown 
in  Figure  2.  The  digitized  data  can  also 
be  converted  to  analog  form  with  D/A  con¬ 
verters  for  plottiny  on  XY,  XYY,  and 
oscillographic  recorders. 

Instrumentation  Van 

The  high  speed  data  acquisition  sys¬ 
tem  is  housed  in  a  self-contained  instru¬ 
mentation  van  as  shown  in  Figure  3.  The 
van  serves  as  a  mobile  office  and  elec¬ 
tronics  shop  for  installing  field  instru¬ 
mentation  and  transporting  data  acquisi¬ 
tion  equipment,  shown  in  Figure  4,  to  the 
test  site.  If  necessary  the  acquisition 
system  can  be  placed  on  location  in  a 
building  or  on  board  another  test  vehicle 
(e.g.  railcar).  The  field  testing  system 
is  powered  by  one  of  two  electrical  gen¬ 
erators  housed  in  the  van.  The  first 
provides  power  for  the  data-acquisition 
equipment  while  the  second  serves  as  a 
backup  unit  and  as  a  separate  power 
source  for  air  conditioning,  power  tools, 
and  other  equipment. 

The  van  is  also  equipped  with  a 
closed-circuit-video  system  for  visually 
monitoring  test  conditions  at  remote 
locations.  The  video  equipment  includes 
two  cameras,  three  monitors,  recorder  and 
player,  special  effects  generator,  and 
other  accessories. 


APPLICATION  OF  DATA  ACQUISITION 

A  field  testing  program  was  conducted 
by  CTL  for  the  Minnesota  Department  of 
Transportation  to  evaluate  the  effect  of 
frozen  support  on  concrete  pavement  per¬ 
formance.  Minnesota’s  concrete  pavement 
design  procedure  did  not  consider  frozen 
support  conditions  during  winter  months 
when  strains  and  deflections  are  smaller. 
Since  concrete  pavement  designs  consider 
repeated  application  of  traffic  loading 
and  fatigue  damage,  it  should  be  possible 
to  take  advantage  of  frozen  support  con- 
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Figure  2  Plot  of  Strain  and  Deflection 


ditions.  Field  testing  was  conducted 
during  October  1982  when  air  temperatures 
were  about  13°C  { 5 5° F )  and  February 
1983  when  air  temperatures  were  about 
-4°C  (25°F)  to  allow  comparison  of 
responses  of  pavement  sections  with  a 
frozen  support  to  the  same  sections  when 
the  support  was  not  frozen. (5) 


F ield  Testing 

Ten  sites  at  5  different  projects 
were  instrumented  and  tested  in  both  the 
inside  and  outside  la^es.  Dynamic  pave¬ 
ment  response  due  . o  .3  kN  (20  kip) 
single -axle,  151  kN  ;  .<4  kip)  tandem- axle 
187  kN  (42  kip)  land'  axle,  and  187  kN 


Figure  4  Data  Acquistion  Equipment 


(42  kip)  tridem-axle  load  trucks  moving 
at  creep  speed  were  continuously  measured 
at  rates  of  approximately  200  points  per 
second.  Strains  and  deflections  were 
measured  due  to  multiple  passes  of  moving 
loads  at  varying  wheel  paths  of  50  to  960 
mm  (2  to  38  in.)  from  the  pavement  edge. 
Strains  were  measured  in  the  edge  (main¬ 


line  and  shoulder),  corner  (diagonal), 
joint  (transverse),  and  interior  loca¬ 
tions.  Deflections  were  measured  at  edge 
(mainline  and  shoulder)  and  at  corner 
(mainline)  locations.  Air  temperature, 
concrete  temperature  (7  elevations), 
corner  curl,  and  edge  curl  were  periodi¬ 
cally  measured  during  load  testing. 


Testing  was  done  during  midday  hours  when 
the  slabs  were  curled  to  their  most  down¬ 
ward  profiles  and  no  temperature  correc¬ 
tions  were  necessary  to  compensate  for 
curling  effects  on  strain  and  deflection. 

Data  Analysis  and  Design  Modifications 

Deflection  and  strains  measured  dur¬ 
ing  February  were  significantly  less  due 
than  those  measured  in  October  due  to 
frozen  subgrade  and  subbase  support. 

Edge  deflections  measured  in  February 
ranged  from  15  to  25%  of  deflections 
measured  during  October.  Similar  to  that 
measured  at  the  edge,  corner  deflections 
in  the  winter  were  5  to  15%  of  those  mea¬ 
sured  in  the  fall.  Edge  strains  in  Feb¬ 
ruary  generally  ranged  from  20  to  60%  of 
those  measured  in  October. 

Based  on  measured  pavement  responses 
and  AASHTO  equivalence  factors,  new 
equivalence  factors  were  developed  for 
axle  loads  applied  during  the  winter. 

The  damaging  effect  of  a  single-axle  or 
tandem-axle  load  applied  in  the  winter  is 
approximately  1/7 th  to  1/9 th  of  that  for 
the  same  axle  load  applied  during  the 
fall.  If  traffic  is  considered  to  be 
uniformly  distributed  over  the  12-month 
period  and  if  only  1/7 th  of  the  winter 
traffic  is  considered  applicable,  then 
only  79%  of  the  total  design  value  of  the 
equivalent  80  kN  (18  kip)  single-axle 
loads  need  to  be  considered  for  thickness 
design . 


SUMMARY 

Field  testing  data  together  with  lab¬ 
oratory  and  theoretical  data  can  be  used 
to  develop  and  improve  thickness  design 
procedures,  load  equivalency  factors, 
distress  functions,  and  pavement  con¬ 
struction  procedures.  To  measure  re¬ 
sponses  of  moving  loads  a  multi-channel 
computer-based  data  acquisition  system 
capable  of  fast  sampling  rates  is  re¬ 
quired.  Data  collection  of  in-service 
pavements  will  help  shape  future  policies 
on  pavement  design,  construction,  and 
maintenance. 


of  Construction  Technology  Laboratories’ 
parent  company,  the  Portland  Cement 
Association,  or  those  of  the  Minnesota 
Department  of  Transportation. 
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Abstract 

A  review  of  the  measurement 
systems  and  the  data  collection 
techniques  as  applied  to  the 
laboratory,  the  Frost  Effects 
Research  Facility  and  finally  the 
real  world  will  be  presented. 

In  the  beginning  there  was 
the  ruler,  thermometer,  pencil 
and  paper.  Then  came  electricity, 
motors,  etc.  till  now  there  is 
the  computer,  fiber  optics, 
lasers,  ultrasound  and  the 
satellite.  We  will  present  the 
current  as  well  as  future  data 
collection  techniques  for 
temperature,  moisture  content, 
pressure,  stress,  strain  and 
displacement  as  used  in  the  FERF 
and  in  remote  sites. 

Introduction 

Humankind  has  been  making 
measurements  since  probably  cave 
dwelling  days.  Over  5000  years 
ago  standards  for  measurements 
came  into  being.  These  were 
primarily  for  length  and  weights. 
Time  was  the  next  dimension  to  be 
"accurately"  measured.  One  of  the 
earliest  hard  copy  of  analog 
signals  was  in  the  field  of 
physiology  where  a  stylus  would 
scrape  carbon  off  of  a  "smoked 
drum"  recorder,  these  date  back 
over  175  years.  With  the  advent 


of  electricity,  the  science  of 
measurement  moved  ahead  rapidly 
till  now  one  can  be  recording 
real  time  data  from  an  event 
halfway  around  the  world. 

We  at  the  Cold  Regions 
Research  and  Engineering 
Laboratory  are  primarily 
interested  in  measuring  the 
effects  of  cold  of  most 
everything . 

FERF 

The  Frost  Effects  Research 
Facility  is  a  controlled 
environment  for  conducting 
cold-climate  test.  It  is,  in 
effect,  a  29,000  square-foot 
refrigerator/ freezer .  The  FREF  is 
arguably  the  largest,  most 
comprehensive  facility  of  its 
kind  in  the  world. 

The  FERF  building  is  a 
steel-framed  structure.  It  is  182 
feet  long  and  102  feet  wide  and 
includes  12  test  basins  all  21 
feet  wide  separated  by  wood  and 
concrete  bulkheads.  The  FERF  is 
used  for  testing  the  effects  of 
cold  temperatures  on  pavements, 
soils,  structures,  vehicles, 
equipment  and  just  about  anything 
else  that  is  affected  by  freezing 
weather  and  freeze/thaw  cycles. 
Obviously  these  tests  require 
widely  different  environments, 
and  to  ensure  reliable  results, 


the  temperature  and  moisture  in 
each  basin  must  be  fully 
controllable . 

Types  of  Measurements 

The  vast  variety  of 
experiments  that  occur  within  the 
FERF  require  a  wide  range  of 
measurements:  temperature,  both 
above  and  below  ground,  humidity, 
moisture  content,  pressure, 
displacement,  stress  and  strain 
to  name  most  but  not  all  of  the 
parameters  that  are  measured. 

Temperature,  our  most  widely 
measured  parameter,  is  generally 
measured  either  by  thermocouples 
or  thermistors.  Thermocouples  are 
the  easiest  to  install  and  read 
since  most  dataloggers  have 
direct  thermocouple  inputs  but 
require  two  leads  for  each 
measured  point  and  a  fairly  heavy 
gauge  wire  if  long  runs  are  used. 
Also  thermocouple  accuracy  is  not 
as  good  as  thermistors  can  be. 
Thermistors  generally  come  as  a 
probe  and  therefore  is  larger 
than  a  thermocouple,  and  is  more 
expensive.  On  the  positive  side, 
thermistors,  can  be  assembled 
into  arrays  with  one  lead  per 
thermistor  and  one  common 
resulting  in  a  much  smaller  cable 
for  the  same  number  of 
measurement  points.  Thermistors 
do  require  an  excitation  voltage 
and  normally  a  bridge  circuit 
arrangement  to  read  them. 

Other  means  of  measuring 
temperature  are  infrared  and, 
just  coming  into  its  own,  fiber 
optics,  neither  of  which, 
depending  on  the  application,  are 
as  accurate  or  as  cost  effective 
as  thermocouples  or  thermistors. 
There  is  one  commercial  fiber 
optic  temperature  system  that, 
while  not  originally  designed  for 
roadways,  is  being  tested  in 
roadways.  This  system,  by  York 
Technologies,  is  a  distributed 
system  that  measures  the 
temperature  along  the  length  of  a 
2000  meter  fiber  optic  cable. 
There  is  a  proposal  to  purchase 
one  of  the  systems  for  CRREL. 


Frost  Heave 

Currently  underway  is  a 
project,  by  Berg,  Janoo  and 
others,  to  measure  many  of  the 
parameters  of  frost  heave.  Among 
these  are:  total  heave 
displacement,  subsurface  heave 
displacement,  subsurface  heave 
force  at  various  depths,  along 
with  temperature  and  moisture 
content . 

Employed  in  this  experiment 
are  some  novel  approaches  such  as 
using  linear  displacement 
transducers  mounted  on  the  bottom 
of  the  test  pit  and  attached  to 
plates  at  various  depths  to 
measure  differential  heave 
displacement.  Also  being  used  is 
a  set  of  rods  attached  to  the 
surface  or  subsurface  inside  of  a 
tube  attached  to  the  base  of  the 
pit  with  magnets  and  magnetic 
sensors  embedded  in  the  rods  and 
tubes  respectively. 

Force  is  being  measured  by  a 
series  of  various  length  rods 
attached  to  the  base  of  the  pit 
with  a  plate  on  its  top  and 
strain  gauges  along  its  length. 
Total  heave  has  been  measured  by 
placing  a  beam  across  the  test 
section  and  measuring  the 
distance  from  the  beam  to  the 
surface  along  the  length  of  the 
beam  to  create  a  transverse 
section  of  the  test  roadway.  The 
beam  is  then  moved  and  another 
set  of  measurements  are  taken. 
There  are  at  present  two 
proposals  to  modify  the  way  this 
measurement  is  being  done.  Both 
involve  a  "car"  riding  on  the 
beam  attached  to  a  computer  and 
tracing  the  crown  of  the  roadway 
either  by  an  lvdt  attached  to  a 
small  wheel  or  with  a  ultrasonic 
transducer  to  measure  the 
distance . 

Moisture  Content 

The  most  commonly  used  soil 
moisture  sensor  is  a  gypsum  block 
whose  resistance  is  a  function  of 
moisture  content.  Presently  there 
are  two  new  sensors  under 
development,  one  is  a  capacitance 


probe  under  joint  development 
with  Dartmouth  College,  and  the 
other  is  a  fiber  optic  sensor 
being  developed  solely  at  CRREL. 

Data  Acquisition 

The  most  common  data 
collection  instrument  is  the  Kaye 
datalogger  either  with  or  without 
a  ramp  scanner.  One  such  system 
presently  has  70  temperature 
sensors  but  could  hold  as  many  as 
700.  In  addition  to  the  Kaye  we 
also  have  a  Hewlett  Packard 
datalogger  and  by  the  time  this 
is  published  a  system  from 
Campbell  Scientific. 

The  Kaye  system  collects  the 
data  and  either  prints  it  on  its 
built-in  printer  or  stores  it  on 
magnetic  tape.  The  tapes  must 
then  be  collected  and  read  into  a 
computer  for  further  analysis. 
The  tape  system  for  Shoop  et.  al. 
is  being  replaced  by  a  dedicated 
computer  system  that  will  receive 
the  data  from  the  datalogger  and 
do  data  reduction  online  with  a 
printout  of  the  previous  days 
data  waiting  at  the  desk  when 
personnel  arrive  in  the  morning. 
Carrying  this  a  step  further,  a 
Kaye  datalogger  and  a  laptop 
computer  with  a  modem  have  been 
installed  in  Alaska  and  sends 
weekly  data  directly  to  the 
principle  investigators  desk  each 
weekend.  As  another  example,  the 
runway  of  the  airport  at  Jackman 
Maine  has  been  instrumented  with 
about  75  temperature  sensors, 
both  thermistors  and 
thermocouples,  soil  moisture 
blocks  and  some  water  depth 
sensors  all  connected  to  a 
Campbell  CR21X  datalogger.  Since 
there  is  no  power  or  phone  at  the 
site,  the  system  is  powered  by 
rechargeable  batteries  and  a 
solar  panel.  The  data  is  sent 
from  the  site  by  a  GOES  satellite 
transmitter  to  a  computer  in 
Maryland  from  which  we  can 
download  the  data.  CRREL 
presently  has  several  satellite 
systems  running  at  this  time. 

The  trend  in  data  acquisition 
at  CRREL  is  toward  the  more 


intelligent  data  collection 
devices  and  dedicated  computer 
systems.  While  within  the  sensor 
world,  we  will  always  be  using 
proven  technology  but  also  be 
testing  and  evaluating  the 
leading  edge  of  the  latest  in 
sensor  technology. 
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1  .  ABSTRACT 


The  northern  temperate  climatic 
zones  experience  a  varying  scenario  of 
winter  environmental  extremes  of  cold, 
icing,  and  precipitation,  which  severely 
influence  people,  equipment  and  opera¬ 
tions,  Even  instruments  used  to  measure 
cold  and/or  wet  adverse  environments  may 
be  incapable  of  operation  if  employed 
during  severe  cold  weather.  It  is  im¬ 
portant  to  know  the  equipment's  environ¬ 
mental  restrictions  and  to  evaluate  the 
frequency  and  duration  of  disabling 
weather.  In  some  instances,  functional 
impairments  persist  after  the  causative 
meteorological  conditions  have  subsided, 
e.g.  glaze,  rime  and  heavy  snow  and  ice 
accumulation . 

For  over  25  years,  CRREL  has  stud¬ 
ied  environmental  conditions  in  winter 
weather.  These  efforts  have  concentrat¬ 
ed  on  providing  f ie Id  -  measured  meteoro¬ 
logical  data  and  historical  climatologi¬ 
cal  data,  as  well  as  instrumentation 
support  for  many  experiments  conducted 
throughout  cold  regions  of  the  Northern 
Hemisphere.  These  efforts  have  involved 
characterizing  atmospheric  conditions  as 
well  as  surface  conditions.  Some  of  the 
measurements  made  are  snow  temperature 
profiles,  depth  of  the  snow  on  the 
ground  with  varying  terrain  and  vegeta¬ 
tion,  temperature  at  the  snow/ground 
interface,  near- surface  ground  tempera¬ 
ture  and  wind  profiles,  snow  cover 


properties,  solar  radiation,  visibilitv 
and  sky  conditions. 

Optimum  field  use  of  meteorological 
information  requires  that  operable 
field-hardened  and  calibrated  instrumen¬ 
tation  be  available  to  conduct  field 
experiments.  Field  evaluations  at  CRREL 
indicate  that  minor  modifications,  read¬ 
ily  accomplished  by  the  manufacturer, 
may  greatly  improve  severe -weather  ser¬ 
vice  of  commonly  available  instruments, 
sensors  and  equipment. 


2 .  INTRODUCTION 


As  environmental  measurements  are 
normally  made  in  conjunction  with  pave¬ 
ment  response  monitoring  systems,  this 
paper  is  presented  to  provide  a  brief 
description  of  the  various  instrumenta¬ 
tion  packages  used  to  gather  atmospheric 
and  background  environmental  data  during 
field  testing.  The  instrumentation  dis¬ 
cussed  in  this  paper  is  not  necessarily 
the  best  or  the  only  equipment  avail¬ 
able.  These  are  instruments  CRREL  cur¬ 
rently  has  in  inventory  or  ones  that 
have  been  used  in  the  past  with  success 
at  cold  region  field  experiment  loca¬ 
tions.  The  paper  identifies  instruments 
used  to  measure  parameters  of  1)  the 
lower  atmosphere,  2)  air/snow  interface 
temperature,  and  3)  the  temperature 
profile  of  the  snowpack  and  the  underly¬ 
ing  soil.  Finally,  the  paper  gives  an 


example  summary  of  the  computer- 
processed  data  and  some  data  analyses. 

3 .  ATMOSPHERIC  INSTRUMENTATION 

Table  1  summarizes  the  instrumenta¬ 
tion  used  by  CRREL  to  gather  environ¬ 
mental  data  from  the  snow  or  ground 
interface  up  to  32  m  in  height.  These 
instruments  are  normally  mounted  on 
towers  that  range  from  4  to  32  m  high. 
Table  1  presents  the  instrument,  the 
parameter  recorded,  the  type  of  sensor, 
the  range  of  the  data  recorded  as  well 
as  assessment  of  the  accuracy  of  the 
instrument.  Figure  1  depicts  meteoro¬ 
logical  instrumentation  mounted  on  a 
typical  field  tower.  These  particular 
sensors  are  located  at  the  8-m  height  on 
the  instrument  tower.  The  atmospheric 


parame 

ters  measured  are  normally  those 

1 isted 

below: 

1  . 

Air  Temperature 

2. 

Dew  Point 

3. 

Relative  Humidity 

4  . 

Wind  Speed  and  Direction 

5. 

Precipitation-Water  Equivalent 

6. 

Solar  Radiation 

7  . 

Station  Pressure 

3 . A .  Air  Temperature 

CRREL  has  used  several  different 
instruments/sensors  to  measure  and 
record  air  temperature.  These  instru¬ 
ments  are  : 

1.  General  Eastern  Model  650/612A 

2.  Vaisala  HMP  122Y 

3.  Environmental  Instrument  Model 
200  Dual  Axis  Probe 

4.  General  Eastern  System  1200  MPS 

5.  Rotronic  MP-100F 

6.  Hvgro thermograph  Model  5-594 

These  instruments  are  presented  in 
Table  1  with  their  measurement  range 
capability  and  accuracy. 

3 . B .  Dew  Point 

The  general  Eastern  Model  650/612A 
or  General  Eastern  System  1200  MPS  is 
used  to  measure  dew  point. 

3 . C  .  Relative  Humidity 

Three  instruments  are  currently 
being  used  to  obtain  relative  humidity 
data.  These  are  the  1)  Vaisala  HMP 
1 12Y ,  2)  Rotronic  MP-100F,  and  3) 


Figure  1.  Instrumentation  at  center  of  tower  (8  m),  Camp  Grayling,  Michigan, 
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Table  1.  Meteorological  instruments. 


Parameter 


Ambient  Temperature 


Dew  Point 

Relative  Humidity 

Wind  Speed  and 
Wind  Direction 

Wmd  Speed  and 
Wind  Direction 

Water  Equivalent 


Shortwave  Solar 
Radiation  (vertical 
and  reflected) 

Infrared  Longwave 
Radi  at  ion 
(vertical  and 
reflected ) 

Station  Pressure 


Ambient  Temperature 
Relative  Humidity 


General  Eastern  Model 
650/612A 


:  .  TLm  F  I  a*  ;r. 
RTF  ;  1  in**ai  ; 


Vais a  la  HMP  122Y 


FT  !(■'*-  el  erne:.* 
1/3  DIN  <.3  763 


Environmental  Instrument 
Model  200  Dual  Axis  Probe 


r  I  at.  i  n-ir.  RTF 


General  Eastern  Svstern 
1200  MPS 


Platinum  RTD 


Rotronic  MP-100F 


FT  IOC  RT. 


General  Eastern  Model 
650/612A  1200  MPs 


100  Ohm  Platinum 


-40”  to  +  66* 


Vaisala  HMP  1 12Y 


Hum leap 


Rotronic  MP-1C0F 


Hygrometer  Capacitive  0  to  1 0 o  I 


Environmental  Instru¬ 
ment  Model  200  Dual 
Axis  Probe 


Two  Static  Pairs  0  to  1 T 2  M 

Heated  Resistive  C  361" 

Sensing  Elements 
Mechanically  Supported 
At  Right  Angles  to 
Each  Other 


Teledyne  Geotech  Wind  Three-Cup 

System  Model  101  Vane 


0-45  M/S 
C-54C 


Belfort  ModeL 
5915-12-20  cm 
Potentiomet er 
Electronic  Gage 


Automatic  Weighing  0-15G  mm 


Eppley  Precision  Solar 
( Py ranometer ) 


Radiometer 


Q  .  3  to  3  tim 


Eppley  Precision  Solar 
( Pyr geometer ) 


Radiometer 


3  to  50  nm 


Environment  Instrument  riezo  Resistive 

Model  200  Dual  Axis  Probe  Silicon  Chip 


630  MB  1080  MB 


SierraMisco  Model  1520  Multicell  Aneroid 

Barometric  Pressure  Sensor 


85-200  MB 
(600- 1065  ME) 


Hygro thermograph  Model  5' 5  Aged  Bimetallic  Strip  60  Adjustable 

Hygrothermogr aph  Model  Human  iiair  Bundles  Q-100Z 

5-  594 


@ 


►17 


*32 


±0  5  MB 

Over  any  100  MB 
Interval 
±17 

±0  17  20  t  :■  So:  KA 
*37  at.  Extremes 
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Hvgrothe'nnogiaph  Model  5-'.'‘<*.  In  gener¬ 
al.  relative  humiditv  data  can  he  calcu¬ 
lated  from  temperature  and  dew  point 
data,  but  care  should  be  taken  since 
slight  inaccuracies  in  either  tvpe  of 
data  can  lead  to  erroneous  calculations. 

i  . D .  Wind  Speed  and  Direction 

Current lv  CRREL  is  using  two  tvpe.s 
of  anemometers  for  measuring  wind  data. 
These  are  the  Environmental  Instrument 
Model  2 CiO  Dual  Axis  Probe  and  th^ 
Teledyne  Geotech  Wind  System  Model  101. 
The  standard  propeller  or  vane 
anemometers  are  susceptible  to  icing 
problems  when  used  in  high  elevation 
areas  such  as  the  Mount  Washington.  New 
Hampshire,  observatory,  or  where  icing, 
glaze  or  riming  occur  frequently. 

3  .  E  .  Prc  c  ipjtat-ion-Water  F  nuiva  lent 

Measuring  the  amount  of  water- 
equivalent  snowfall  in  real  time  is  very 
difficult.  CRUEL  is  currently  employing 
the  Belfort  Model  5915-12  20-cm  Orifice 
Potentiometer  Electronic  Gage  to  gather 
water  equivalent  of  falling  snow.  For 
measuring  snow  depth,  snow  depth  stakes 
randomly  placed  over  the  measurement 
site  will  normally  be  sufficient.  CRREL 
is  now  testing  an  acoustic  snow  d  pth 
gage  for  automatic  recording  of  snow 
depth . 

3 . F .  Solar  Radiation 

A  critical  environmental  measure¬ 
ment.  is  to  establish  the  amount  of  in¬ 
coming  solar  radiation  from  the  sun  as 
well  as  the  amount  of  radiation  being 
emitted  back  toward  the  sun.  For  elec¬ 
tromagnetic  wavelengths  of  0.1  to  3.0  pi.i 
an  F.ppley  Precision  Solar  (  Pyranome  t  er ) 
Radiometer  is  used.  For  wavelengths  of 
3.0  to  50  jnn  CRREL  employs  an  Epplev 
Precision  infrared  (pvrgeometer) 
radiometer.  These  continuous  daily 
measurements  also  give  a  good  indication 
of  cloud  cover. 

1 .  ( ; .  S  t  a  t i on  Pressure 

For  gathering  continuous  hourly 
atmospheric  pressure  data  CRREL  is  cur¬ 
rently  vising  either  the  Environmental 
Instrument  System  Model  200  Dual  Axis 
Probe  or  the  Sierra-Mi seo  Model  1520 
Barometric  Pressure  Sensor. 


CROiTlD  ■SN'CW  INTERFACE  TEMPERATURE 

The  temperature  of  the  snow/air 
Inter dace  (snow  surfaces)  for  undis- 
turbt  d  snow  covered  terrain  is  extremely 
important,  for  heat  transfer  and  heat, 
budget  considerations.  Measuring  this 
temperature  is  extremely  difficult  and 
impossible  under  many  conditions  due  to 
rapid  surface  flux,  instability  and  tur¬ 
bulence.  The  apparent  surface  tempera¬ 
ture  is  dependent  on  many  factors  such 
as  the  location  (valley  or  hill),  sunny 
or  shaded  area,  in  the  open  or  in  a 
tree -covered  area,  etc.  CRREL  uses 
three  types  of  instruments  to  measure 
this  parameter:  1)  an  inverted  infrared 
Epplev  Precision  Solar  (Pvranometer ) 
radiometer  as  noted  in  3.F,  2)  thermis¬ 
tors,  anu  3)  thermocouples.  Another 
method  which  could  be  used,  although  not 
as  accurate,  would  be  to  approximate  or 
model  the  snow  surface  temperature  from 
air  temperatures  measured  in  the  first  2 
m  above  the  snow  surface. 


5 .  GROUND  OR  SNOW  COVER  TEMPERATURE 
PROFILES 

Another  important  parameter  that 
needs  to  be  measured  is  the  temperature 
profile  below  the  surface  of  the  snow  or 
ground.  In  order  to  measure  this 
parameter  CRREL  uses  th-rrnistors  or 
thermocouples  that  are  buried  at  various 
depths  and  in  various  grid  configura¬ 
tions.  These  depths  and  configurations 
are  determined  by  the  particular  appli¬ 
cation  and  research  effort  Temperature 
profile  measurements  have  been  made  at 
very  shallow  depths  as  well  as  up  to  5  m 
below  the  suriace. 


6.  DATA  RECORDS  AND  ANALYSES 

Oftentimes  h.-.ving  the  required  in¬ 
strumentation  to  measure  meteorological 
parameters  is  only  solving  half  the 
problem.  Meteorological  data  are  usual¬ 
ly  voluminous  and  time-consuming  to 
analyze.  In  the  recent  past,  collecting 
and  summarizing  these  data  manually  was 
a  monumental  task  if  not  insurmountable. 
CRREL  has  automated  the  data  acquisition 
process  for  most  of  the  instruments 
noted  above.  Figures  2  and  3  are  hard 
copy  examples  of  data  gathered  and  pro¬ 
duced  bv  a  data  acquisition  computer. 
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Figure  2.  Typical  solar  radiation  plots,  Camp  Grayling,  Michigan,  2  March  1989  (see  Table  2). 


WIND  DIRECTION 

01  march  1?P0 


Figure  3.  Typical  wind  direction  plot,  Camp  Grayling,  Michigan,  2 
March  1989  (see  Table  2). 
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Table  2.  Meteorological  data,  Grayling,  Michigan,  2  March  1989. 


TIME 

PRESS 

WINDS 

TEMP 

DW/PT 

hhmm 

mb3 

deg 

apd 

C 

C 

0 

964.3 

187 

3.6 

-3.0 

-3.0 

100 

963.6 

202 

2.7 

-1.7 

-2.1 

200 

963.3 

213 

3.3 

-1.0 

-2.0 

300 

963.0 

216 

2.0 

-0.6 

-1.3 

400 

962.9 

227 

1.4 

-0.1 

-0.9 

500 

963.1 

291 

0.6 

0.2 

-0.5 

600 

963.8 

321 

2.9 

0.6 

-0.8 

700 

964.4 

338 

2.9 

-0.1 

-1.2 

800 

965.7 

337 

4.8 

-1.5 

-3.3 

900 

967.0 

323 

4.7 

-2.1 

-5.2 

1000 

967.5 

327 

3.7 

-2.6 

-5.3 

1100 

968.6 

333 

4.5 

-3.7 

-6.5 

1200 

969.3 

329 

4.5 

—4.2 

-7.1 

1300 

970.0 

315 

4.7 

-4.4 

-7.4 

1400 

970.6 

317 

5.2 

-4.7 

-8.0 

1500 

970.9 

316 

4.9 

-4.7 

-8.2 

1600 

971.3 

312 

5.0 

—4.6 

-8.4 

1700 

971.9 

330 

5.0 

-5.5 

-8.3 

1800 

972.6 

343 

3.9 

-6.3 

-7.6 

1900 

973.5 

340 

3.5 

-7.1 

-8.3 

2000 

973.8 

346 

4.1 

-7.9 

-11.0 

2100 

974.3 

344 

3.1 

-8.6 

-11.3 

2200 

974.9 

319 

2.8 

-8.7 

-10.1 

2300 

975.4 

331 

3.5 

-8.7 

-10.0 

MAX 

975.4 

9.1 

0.6 

-0.5 

MIN 

962.9 

0.6 

-8.7 

-11.3 

AVG 

968.6 

302 

3.6 

-3.8 

-5.7 

TOTAL 


Table  2  shows  a  dally  summary  of  data 
gathered  on  a  recent  field  experiment. 
These  data  and  summaries  are  now 
processed  in  real  time  in  the  field  and 
handed  off  to  users  as  required. 


7.  SUMMARY 

CRREL  has  developed  an  extensive 
capability  to  gather  weather  data  in 
cold  weather  winter  environments.  This 
effort  has  been  developed  through  long 
and  extensive  field  experiment  experi¬ 
ence.  Off-the-shelf  instrumentation 
developed  for  use  in  temperate  climates 
has  to  be  modified  and  improved  to 
satisfactorily  function  in  cold  regions. 
Organizations  conducting  field  measure¬ 
ments  in  cold  regions  for  the  first  time 
should  make  every  attempt  to  contact 
CRREL  or  other  comparable  agencies  for 
advice  prior  to  taking  instruments  in 
the  field.  Cold  regions  weather  data 
acquisition  is  more  costly  in  terms  of 
time,  manpower  and  instrumentation. 


RH 

SOLAR 

RAD 

IR 

RAD 

PR  CP 

% 

vert 

invert 

vert 

invert 

mm 

100 

0 

0 

287 

285 

29.3 

97 

0 

0 

291 

289 

29.3 

93 

0 

0 

295 

292 

29.3 

95 

0 

0 

299 

293 

29.3 

94 

0 

0 

302 

296 

29.3 

95 

0 

0 

299 

294 

29.3 

90 

0 

0 

298 

298 

29.3 

92 

0 

0 

297 

295 

29.5 

88 

38 

29 

281 

288 

29.5 

79 

156 

121 

254 

282 

29.5 

82 

142 

115 

279 

285 

29.5 

81 

218 

173 

272 

283 

29.5 

80 

208 

167 

270 

280 

29.5 

80 

299 

239 

273 

282 

29.5 

78 

287 

225 

268 

282 

29.7 

76 

247 

193 

267 

281 

29.7 

75 

411 

323 

247 

283 

29.7 

81 

156 

123 

259 

274 

29.8 

90 

13 

9 

264 

268 

29.9 

91 

0 

0 

248 

263 

29.9 

78 

0 

0 

198 

249 

30.0 

81 

0 

0 

197 

244 

30.0 

90 

0 

0 

215 

248 

30.0 

90 

0 

0 

250 

258 

30.0 

100 

302 

298 

30.0 

75 

197 

244 

29.3 

87 

2175 

1717 

267 

279 

0.7 

8.  SELECTED  REFERENCES 

Bates,  R.E.  (1987)  "Meteorological 
System  Performance  in  Icing  Conditions, 
presented  at  Seventh  Annual  EOSAEL/TWI 
Conf.,  Dec  1986  (published  proceedings 
April  1987). 

Bates,  R.E.  and  King,  G.G.  (1986) 
"Intensity  of  Snowfall  at  the  Snow 
Experiments,"  presented  at  Sixth  Annual 
EOSAEL/TWI  Conference,  December  1985 
(published  proceedings  February  1986). 

Bates,  R.E.  and  O'Brien,  H.W.  (1985) 
"Meteorological  and  Snow  Cover  Measure¬ 
ments  at  Grayling,  Michigan,"  Presented 
at  92nd  Annual  Meeting  of  Eastern  Snow 
conference,  June  1985  (published  pro¬ 
ceedings  1985)  . 

Bates,  R.E.  and  Govoni,  J.W.  (1989) 
Meteorological  Instrumentation  for  Char 
acterizing  Atmospheric  Icing.  Second 
International  Workshop  on  Atmospheric 
Icing  of  Structures.  Trondheim,  Norway 


144 


Bates,  R.E.  (1984)  Site-Specific 
Meteorology.  Meteorological  Section; 
Paper  2,  SNOW -TWO/Smoke  Week  VI  Data 
Report.  (CRREL  Special  Report  84-20). 

Bates,  R.E.  (1983)  Chapter  2:  Site- 
Specific  and  Synoptic  Meteorology,  SNOW- 
ONE-B  Data  Report.  CRREL  Special  Report 
83-16,  June  1983. 

Bates,  R.E.  (1982)  The  Northeast  Snow¬ 
storm  of  15-16  December  1981.  Presented 
at  Snow  symposium  II,  Vol.  1,  published 
March  1983.  CRREL  Special  Report  83-4. 

Bates,  R.E.  (1982)  Meteorological 
Measurements.  Snow-One  at  Camp  Ethan 
Allen  Training  Center.  VT.  Snow  Sympo¬ 
sium  1,  published  by  USACRREL,  July 
1982. 


Bates,  R.E.  (1982)  Section  3,  Meteorol¬ 
ogy,  SNOW-ONE-A  Data  Report.  CRREL 
Special  Report  82-6,  pp.  43-180. 

Bates,  R.E.  (1981)  SNOW-ONE  Preliminary 
Data  Report,  Section  3,  Meteorology,  pp 
24-221,  CRREL  Internal  Report  715. 

O'Brien,  H.W.,  and  Bates,  R.E.  (1980) 
Obscuration  in  the  Cold  Environment. 
Published  in  Proceedings  of  Smoke/ 
Obscurants  Symposium  IV,  22-23  April 
1980. 

O'Brien,  H.W.  and  Bates,  R.E.  (1982) 
Section  10,  Snow-Cover  Characterization 
CRREL  Special  Report  82-6,  pp .  554-578. 

O'Brien,  H.W.  and  Bates,  R.E.  (1984) 
Systems  Operation  Section  Paper  4,  Snow 
Cover  Characterization:  SADARM  Support 
SNOW/TWO/Smoke  Week  VI  Data  Report, 
CRREL  Special  Report  (84-20). 


145 


Session  5: 
Load  Deformation 
Measurements 


147 


STATE-OF-THE-ART 

STRESS,  STRAIN  AND  DEFLECTION  MEASUREMENTS 


P.  Ullidtz,  The  Technical  University  of  Denmark  and 
H.J.  Ertman  Larsen,  The  National  Road  Laboratory,  Denmark 


ABSTRACT 

Pavements  deteriorate  under  the  com¬ 
bined  action  of  loading  and  environmental 
effects,  with  the  rate  of  disintegration 
or  permanent  deformation  being  related  to 
the  critical  stresses  and  strains  in  the 
pavement  layers.  For  areas  with  frost  the 
highest  rate  of  deteriorations  is  asso¬ 
ciated  with  the  short  periods  of  thaw, 
wuen  the  critical  stresses  or  strains  are 
largest . 

To  predict  pavement  performance  for 
design  or  rehabilitation  purposes  the  cri 
tical  stresses  or  strains  must  be  known. 
The  paper  first  explains  why  the  total 
pavement  deflection  is  a  poor  substitute 
for  stresses  or  strains  and  then  discus¬ 
ses  different  means  of  determining  the 
stresses  and  strains. 

An  indirect  determination  of  the 
stresses  and  strains  may  be  obtained  by 
measuring  the  deflection  basin  under  a 
known  load,  calculating  the  layer  stiff¬ 
nesses  required  to  produce  these  deflect¬ 
ions  and  then  using  the  stiffnesses,  ad¬ 
justed  for  seasonal  variations,  to  cal¬ 
culate  the  critical  stresses  and  strains. 

But  how  do  these  theoretical  values 
compare  to  the  actual  stresses  or  strains 
in  the  materials?  The  only  way  to  deter¬ 
mine  this  is  by  measuring  the  stresses 
and  strains.  The  last  part  of  the  paper 


discusses  some  of  the  difficulties  as¬ 
sociated  with  monitoring  the  stresses  and 
strains  in  pavement  materials  and  some  of 
the  instruments  recently  developed  for 
use  in  the  Danish  Road  Testing  Machine  to 
overcome  these  difficulties.  Some  preli¬ 
minary  results,  indicating  that  continuum 
mechanics  may  not  work  very  well  with 
granular  materials,  are  also  presented. 

1.  INTRODUCTION 

All  pavements  deteriorate  in  time  as 
a  result  of  the  combined  action  of  loading 
and  environmental  effects.  It  is  a  reason¬ 
able  assumption  that  the  rate  of  deteriora¬ 
tions  is  related  to  the  critical  stresses 
or  strains  in  the  materials.  For  bitumi¬ 
nous  cement-bound  materials  the  critical 
value  may  be  the  maximum  tensile  stressor 
strain  in  the  layer,  and  for  unbound  ma¬ 
terials  it  could  be  the  maximum  normal 
strain  or  the  maximum  shear  stress  in  the 
layer.  The  strength  of  the  materials  is 
normally  characterized  by  the  permissible 
stresses  or  strains  (normal  or  shear) ,  or 
by  relationships  between  damage  rate  and 
stress  or  strain  level.  For  an  asphalt 
concrete,  for  example,  the  permissible 
tensile  strain  for  one  million  load  ap¬ 
plications  could  be  the  strain  level  that 
would  result  in  10%  of  the  surface  having 
class  2  cracking,  after  one  million  load 
applications . 
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Step  1 


1.1  Response  and  Performance 


In  step  1)  a  mathematical  model  is 
used  to  calculate  the  critical  response. 
In  most  design  procedures  the  horizontal, 
normal  strain  or  stress  at  the  bottom  of 
bound  materials,  and  the  vertical,  normal 
strain  or  stress  at  the  top  of  the  unbound 
materials,  are  considered  to  be  critical. 
Some  procedures  use  shear  stress  and  some 
consider  stresses  or  strains  at  other  po¬ 
sitions,  caused  by  particular  combina¬ 
tions  of  load  and  climatic  effects. 


Step  r 


Fig.  1  Pavement  response  and  pavement 
performance . 

The  common  approach  in  engineering 
to  design  problems  is  to  use  a  mathemati¬ 
cal  model  to  calculate  the  critical  stres¬ 
ses  or  strains  and  then  compare  these  to 
the  permissible  values  (or,  more  recently, 
to  calculate  the  increase  in  damage).  This 
approach  is  also  gaining  a  more  wide¬ 
spread  acceptance  for  pavement  design  pur¬ 
poses,  under  the  label  of  "analytical- 
empirical"  or  "mechanistic-empirical" 
method,  because  it  has  some  very  important 
advantages  over  the  purely  empirical  me¬ 
thods  that  have  been  commonly  used  for 
pavement  design.  A  very  important  advan¬ 
tage  is  that  the  analytical  part  of  the 
method  is  valid  under  any  conditions  of 
climate,  loading,  materials,  etc.,  whereas 
empirical  relationships  can  only  be  used 
under  the  conditions  for  which  they  were 
established.  The  two  steps  in  the  analy¬ 
tical-empirical  method  are  illustrated  in 
fig.  1  (P.  Ullidtz,  1987)  . 


The  selection  ot  critical  stress  or 
strain  should,  of  course,  be  closely  re¬ 
lated  to  the  type  of  pavement  deteriora¬ 
tion  considered  in  step  2) ;  in  other  words 
it  should  be  a  function  of  how  the  pavement 
performance  is  defined.  Most  design  proce¬ 
dures  use  empirical  relationships ,  1) 

between  cracking  of  the  bound  materials 
and  the  maximum  tensile  stress  or  strain 
in  the  layer,  and  2)  between  permanent  de¬ 
formation  (roughness  or  rutting)  and  the 
maximum  compressive  stress  or  strain  in 
the  unbound  materials.  To  sum  the  damage 
caused  by  different  combinations  of  load 
and  climatic  conditions  Miner's  law  is 
normally  used. 

More  sophisticated  models  like  VESYS 
(Kenis ,  1977)  and  MMOPP  (P.  Ullidtz,  1979) 
calculate  the  increase  in  damage  and  per¬ 
manent  deformation  of  the  materials  caus¬ 
ed  by  the  combined  effects  of  loads,  cli¬ 
mate,  the  condition  of  the  pavement,  and 
of  the  materials. 

1.2  Influence  of  Climate 

Variations  in  ciimate  affect  the 
critical  stresses  or  strains  as  well  as 
the  permissible  values.  The  AASHO  Road 
Test  very  clearly  demonstrated  the  enor¬ 
mous  effect  of  the  spring  thaw.  Fig.  2 
shows  a  typical  performance  of  the  flex¬ 
ible  pavement  study  (duplicate  sections) . 

In  the  two  periods  of  spring  thaw  there 
is  a  very  sharp  decrease  in  PSR.  Superim¬ 
posed  on  the  test  results  are  some  simula¬ 
tions  carried  out  with  MMOPP.  The  simula¬ 
tions  show  a  performance  similar  to  the 
observed  performance  with  respect  to  the 
importance  of  spring  thaw. 
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Loop  6  5"  AC  +  6"  Base  +  12"  Subbase 

30  kips  single 

YEAR  1958  *  1959  •  1960 


UNWEIGHTED  AXLE  LOAD  APPLICATIONS  (1000'S) 
AASHO  ROAD  TEST  PERFORMANCE 
-  -  SIMULATED  PERFORMANCE 


Fig.  2  AASHO  Road  Test  example  of  spring  thaw  influence  on 
performance . 


SIMULATED  AND  OBSERVED  PSI  IN  FULL  SCALE  TEST  ISERIES  .’I 


SIMULATED  PSI  FOR  NON -ACCELERATED  IN  SERVICE  CONDITION 


thaw  on  performance,  from  full 
scale  testing  in  Danish  RTM, 


Functional  deterioration 

Further  evidence  of  the  importance  of 
frost/thaw  is  given  in  fig.  3,  which  shows 
the  result  of  a  full  scale  pavement  test, 
carried  out  in  the  Danish  Road  Testing 
Machine  (P.  Ullidtz,  1982).  The  pavement 
failed  during  the  first  period  of  thaw, 
just  like  a  large  number  of  the  AASHO 
Road  Test  Sections.  An  empirical  interpre¬ 
tation  of  such  a  test,  where  the  pavement 
fails  in  the  first  spring  thaw  period,  is 
not  possible,  because  almost  any  number 
of  loads  could  have  been  applied  before 
the  thaw,  without  any  measurable  damage. 
Only  if  the  rate  of  deterioration  during 
the  thaw  can  be  related  to  the  critical 
stresses  or  strains  in  the  structure,  can 
some  valuable  information  be  gained. 

Structural  deterioration 

The  functional  deterioration  (increase 
in  roughness)  during  the  thaw  periods,  in 
the  two  examples  above,  was  quite  obvious. 
Less  obvious  may  be  the  structural  deteri¬ 
oration  in  bitumen  or  cement  bound  mate¬ 
rials  (microcracking)  that  may  occur  during 
the  thaw,  but  which  will  only  later  show 
as  visible  cracks.  Structural  deterioration 
may  be  detected  with  the  Falling  Weight 
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Fig.  4  Variation  of  ratio  of  AC  layer 
modules  and  AASHO  cracking  as  a 
function  of  18-kip  ESAL  repeti¬ 
tions  for  lane  2  tests.  (Sebaaly 
et .  al . ,  1989) . 

Def lectometer  (FWD) .  Microcracking  of 

bound  materials  reduces  the  effective 
cross-sectional  area,  and  therefore  also 
the  moduli  of  the  material.  This  reduction 
in  moduli  may  be  calculated  from  FWD  de¬ 
flection  data,  provided  that  the  deflec¬ 
tions  are  measured  sufficiently  accurately 
and  that  a  reasonably  realistic  mathema¬ 
tical  model  is  used  for  the  pavement  struc¬ 
ture  (this  is  discussed  further  below) . 


Fig.  5  Structural  distress  during  thaw 
detected  with  the  FWD. 


An  example  of  decreasing  asphalt 
moduli,  long  before  any  cracking  is  ob¬ 
served,  is  given  in  fig.  4,  from  Sebaaly 
et  al.  (1989).  The  testing  was  carried 
out  using  the  Federal  Highway  Administra¬ 
tion  (FHWA)  Accelerated  Loading  Facility 
(ALF) .  Cracking  was  first  observed  when 
the  moduli  of  the  asphalt  material  had 
already  dropped  to  about  half  its  origi¬ 
nal  value. 

Another  example  of  detecting  struc¬ 
tural  damage  with  the  FWD  is  shown  in 
fig.  5  (P.  Ullidtz,  1982) .  In  this  case 

structural  deterioration  is  directly 
related  to  a  spring  thaw  period.  The  or¬ 
dinate  shows  moduli  at  two  points  of  a 
fly  ash-cement-stabilized  sand  from  the 
Danish  Road  Testing  Machine  (RTM) .  The 
abscissa  shows  the  test  periods.  A  sharp 
decrease  in  moduli  occurred  at  one  of  the 
test  points  during  the  first  spring  thaw 
period  and  at  the  other  point  during  the 
second  spring  thaw.  It  should  be  noted 
that  no  cracking  was  visible  in  the  thin 
asphalt  surfacing  covering  the  stabilized 
matei rai . 

The  FWD  may  be  used  to  monitor  the 
structural  deterioration.  For  the  more 
general  purpose  of  establishing  damage 
rate  relationships  (performance  models) , 
for  functional  as  well  as  structural  dete 
rioration,  it  is  necessary  to  measure  the 
critical  stresses  or  strains  in  the  in¬ 
dividual  materials  of  the  pavement  struc¬ 
ture. 
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1.3  Stresses  and  strains  are  needed 

The  purpose  of  the  introduction  was 
to  demonstrate  the  need  for  determining 
the  critical  stresses  or  strains  in  pave¬ 
ment  structures.  During  full  scale  testing 
or  monitoring  of  long  term  pavement  perfor¬ 
mance,  the  critical  stresses  or  strains 
must  be  known  in  order  to  relate  the  per¬ 
formance  to  the  strength  characteristics 
of  the  individual  pavement  layers.  For 
pavement  design  or  rehabilitation  the 
critical  stresses  or  strains  are  needed 
in  order  to  predict  the  performance. 

The  purpose  was  also  to  emphasize 
the  importance  of  short,  critical  periods 
like  the  spring  thaw.  Short  periods  of 
extremely  high  temperatures  may  be  equally 
critical.  During  such  periods  the  stresses 
or  strains  must  be  monitored  almost  con¬ 
tinuously,  if  they  are  to  be  related  to 
the  performance. 

In  the  last  part  of  the  paper  two 
methods  of  determining  the  stresses  and 
strains  will  be  discussed.  The  first  is 
an  indirect  method,  where  the  stresses  or 
strains  are  calculated  from  the  known 
layer  stiffnesses,  and  the  second  is  by 
direct  measurement.  The  reason  for  presen¬ 
ting  the  "indirect"  method  before  the 
"direct"  method  is  that  the  "indirect" 
method  is  by  far  the  most  widely  used. 

Much  less  effort  has  been  devoted  to  di¬ 
rect  measurement  of  stresses  or  strains. 

By  choosing  this  order  of  presentation, 
the  authors  also  hope  to  better  illustrate 
the  need  for  direct  measurements,  in  order 
to  verify  the  mathematical  models  used. 

Before  describing  the  different  means 
of  obtaining  stresses  and  strains,  however, 
the  widespread  use  of  deflections,  as  a 
substitute  for  stresses  or  strains,  will 
be  discussed. 

2.  WHY  DEFLECTIONS  SHOULD  NOT  BE  USED 

DIRECTLY 

When  using  one  of  the  many  methods 
for  designing  or  evaluating  pavements, 
by  making  use  of  a  mathematical  model  to 
calculate  the  stresses  or  strains,  it  is 
necessary  to  determine  the  elastic  (resi¬ 
lient)  moduli  of  the  pavement  materials, 
in  the  laboratory  or  in  situ,  and  then 
calculate  the  stresses  or  strains  for  the 
most  important  combinations  of  load  and 
climate. 


The  procedure  thus  requires  some 
measurements  and  a  certain  amount  of  cal¬ 
culation.  If  based  on  in  situ  measurements 
of  deflection,  it  would  be  a  little  easier 
if  the  deflections  could  be  used  direct¬ 
ly,  rather  than  the  stresses  and  strains. 
Deflection  is  a  measure  of  the  pavement 
response,  as  are  stresses  and  strains,  it 
may  be  tempting  to  assume  that  there  is  a 
good  correlation  between  the  different 
types  of  response  (deflections  versus 
stresses  or  strains).  This,  however,  is 
not  the  case. 

The  difference  between  deflection 
on  one  side  and  stresses  or  strains  on 
the  other  is  quite  evident  already  from 
Boussinesq's  equations.  Whereas  deflec¬ 
tions  are  inversely  proportional  to  the 
depth  beneath  the  surface,  stresses  and 
strains  are  inversely  proportional  to  the 
square  of  the  depth.  How  this  affects  the 
"correlation"  between  deflection  and  stress 
or  strain  may  be  illustrated  by  a  simpli¬ 
fied  example: 

Consider  two  pavements  on  different 
subgrades,  as  illustrated  in  fig.  6,  that 
have  deflections  of  dl  and  d2  and  strains 
at  the  top  of  the  subgrade  of  el  and  e2, 
under  a  given  load.  If  the  compression  of 
the  pavement  layer  is  neglected  (being 
small  compared  to  the  compression  of  the 
subgrade) ,  then  the  deflections  may  be 
estimated  from  Boussinesq's  equation: 

dl  =  (1+u) (3-2u)P/(2n)/zl/El,  and  (1) 
d2  =  (1+u) (3-2u)P/(2n)/z2/E2  (2) 


where  u  is  Poisson's  ratio 
P  is  the  load 

z  is  the  effective  or  equivalent 
depth  to  the  subgrade,  and 
E  is  the  moduli  of  the  subgrade. 


If  the  deflections  were  the  same  on  the 
two  pavements,  i.e.  dl  =  d2,  it  follows 
that : 


z2  =  (E1/E2 ) *zl 


(3) 


The  strains  at  the  top  of  the  subgrade 
may  be  found  from  Boussinesq's  equation: 


el  =  (1+u) (3-2p)P/(2n)/zl2/El,  and  (4) 

e2  =  (1+u) (3-2u)P/(2n)/z2z/E2  (5) 

Substituting  (3)  in  (5)  leads  to: 

e2  =  (E2/E1) *el  (6) 


152 


Fig.  7A  Schematic  representation  of  an  unfrozen  asphalt 
surfaced  pavement  under  a  9000  lb  load. 


[*C  (1.8*)  [E,  a  «»0.0Q0p»i]} 
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Fig.  7B  Schematic  representation  of  a  partially  frozen 
asphalt  surfaced  pavement  under  a  9000  lb  load. 
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If  E2  =  0.5*E1  then  the  subgrade  strain  in 
the  second  pavement  will  only  be  half  of 
the  strain  value  in  the  first  pavement, 
even  though  the  deflections  were  identical 
If  the  4th  power  law  can  be  applied,  this 
r  ans  that  although  the  deflections  indi¬ 
cate  that  the  two  pavements  have  the  same 
bearing  capacity,  the  second  pavement 
will  last  16  times  longer  than  the  first 
(with  respect  to  traffic  loading). 

Another  example,  with  particular 
reference  to  areas  with  frost,  was  given 
by  Stubstad  &  Connor  (1983). 

The  pavement  shown  in  fig.  7A  is 
unfrozen  and  in  fig.  7B  the  same  pavement 
section  is  shown  but  in  a  partially  fro¬ 
zen  state,  after  thaw  has  progressed  6" 
(150  mm)  below  the  asphalt  layer.  The 
deflection  of  pavement  7A  is  three  (3) 
times  the  deflection  of  pavement  7B,  but 
nevertheless  the  horizontal  strain  at  the 
bottom  of  the  asphalt  and  the  vertical 
strain  at  the  top  of  the  base  are 
approximately  equal. 

These  examples  illustrate  that  it  is 
necessary  to  make  a  little  extra  effort 
and  calculate  the  stresses  or  strains, 
rather  than  just  using  the  deflections. 
With  the  proliferation  of  micro  computers 
this  ought  no  longer  be  a  problem. 

3.  INDIRECT  DETERMINATION  OF  STRESSES 

AND  STRAINS 

Almost  all  presently  used  methods 
for  calculating  the  stresses  and  strains 
in  pavement  structures  are  based  on  some 
version  of  elastic  layer  theory.  In  most 
cases  all  materials  are  assumed  to  be 
simple  solid  continua,  homogeneous,  iso¬ 
tropic,  and  linear  elastic.  Stresses  and 
strains  can  then  be  determined  if  Young's 
moduli  and  Poisson's  ratio  are  known  for 
all  materials.  Some  methods  also  permit 
anisotropic  or  non-linear  elastic  mate¬ 
rials,  requiring  knowledge  of  some  addi¬ 
tional  material  characteristics. 

Determining  the  elastic  parameters 
from  laboratory  testing  is  extremely  dif¬ 
ficult  because  of  the  problems  involved 
in  reproducing  the  in  situ  conditions  of 
the  materials  and  getting  the  proper  loa¬ 
ding  conditions.  On  existing  pavement 


Fig.  8  Deflection  basin  under  FWD 
(Ertman  &  Stubstad.  1982). 


structures  non-destructive,  in  situ  tes¬ 
ting  is  much  to  be  preferred,  bearing  in 
mind  that  only  pavement  characteristics 
that  have  a  significant  influence  on  the 
surface  response  may  be  deduced. 

For  many  years  wave  propagation  me¬ 
thods  have  been  used  in  an  attempt  to 
determine  the  elastic  parameters  of  the 
pavement  layers  (the  wave  velocity  being 
a  function  of  these  parameters) .  The  main 
problem  in  using  this  method  is  that  most 
pavement  materials  are  non-linear  elastic. 

The  stresses  induced  in  the  pavement 
materials  during  a  wave  propagation  test 
are  very  small  compared  to  the  stresses 
under  heavy  traffic.  The  moduli  derived 
from  the  wave  velocities  may,  therefore, 
be  very  different  from  the  moduli  cor¬ 
responding  to  design  conditions. 

Deflection  testing  has  also  been 
used  for  a  long  time  to  determine  the 
structural  condition  of  pavement  systems. 
The  deflections  are  measured  at  various 
distances  from  the  load,  and  the  layer 
moduli  are  then  selected  such  that  the 
theoretical  deflection  basin  matches  the 
measure  basin,  as  illustrated  in  fig.  8 
(H.J.  Ertman  &  Stubstad,  1982) . 

In  order  to  back-calculate  the  elas¬ 
tic  parameters  from  the  surface  deflec¬ 
tions,  two  conditions  must  be  met.  One  is 
that  the  stresses  in  the  structure  must  be 
close  to  the  stresses  caused  by  the  design 
load,  and  the  other  that  the  deflections 
must  be  measured  with  a  very  high  degree 
of  accuracy,  particularly  at  some  distance 
from  the  load. 


The  need  for  the  right  stress  level 
results,  again,  from  the  non-linearity 
of  the  materials.  The  need  for  very  ac¬ 
curate  deflection  measurements  is  due  to 
the  large  influence  of  the  subgrade  on  the 
deflected  shape.  The  subgrade  moduli  is 
determined  from  the  deflections  at  some 
distance  from  the  load,  and  these  deflec¬ 
tions  are  often  very  small,  they  may  be 
as  low  as  20-30  pm  (1  mil)  .  Even  a  small 
error  in  the  determination  of  the  subgrade 
moduli  will  result  in  quite  large  errors 
in  the  determination  of  the  layer  moduli, 
because  the  layers  above  the  subgrade 
only  contribute  some  20-30  %  of  the  over¬ 
all  deflection,  even  at  the  centerline  of 
the  load.  For  the  same  reason  any  non¬ 
linearity  of  the  subgrade  or  a  rigid  la¬ 
yer  at  shallow  depth  must  also  be  con¬ 
sidered  in  calculating  the  moduli. 

With  the  FWD  it  is  quite  easy  to  use 
the  indirect  method  to  determine  the 
stresses  and  strains  and  to  monitor  the 
effects  of  climatic  conditions,  number  of 
load  passages,  ageing,  etc.  on  the  moduli 
as  well  as  on  the  stresses  and  strains  in 
the  materials.  But  how  close  are  these 
calculated  stresses  and  strains  to  the 
actual  stresses  or  strains  in  the  mate¬ 
rials?  This,  of  course,  is  highly  depen¬ 
dent  upon  how  well  the  mathematical  model 
of  the  pavement  structure  represents  the 
actual  characteristics  of  the  materials 
and  structure.  With  pavement  materials 
tending  to  be  non-continuous  (particu¬ 
late)  ,  non-homogeneous ,  anisotropic,  vis¬ 
cous,  plastic,  visco-elastic,  as  well  as 
highly  variable  in  space  and  time,  some 
doubt  may  be  understandable. 

4.  DIRECT  MEASUREMENT  OF  STRESSES  AND 

STRAINS 

The  only  way  to  find  out  how  well  a 
certain  mathematical  model  predicts  the 
stresses  and  strains  is  by  comparing  pre¬ 
dicted  values  to  measured  values.  When 
making  such  a  comparison  it  is  important 
that  several  types  of  pavement  response 
(stress,  strain,  deflection)  are  compared, 
otherwise  good  agreement  can  always  be 
obtained  by  selecting  the  appropriate 
elastic  parameters. 

Unfortunately,  measuring  stresses 
and  strains  in  pavement  structures  is 
very  difficult.  Two  major  problems  are  1) 
the  calibration  of  the  gauges,  and  2)  the 
durability  of  the  gauges. 


Rather  than  trying  to  cover  the  de¬ 
velopment  of  soil  and  pavement  gauges  - 
an  impossible  task  anyway  -  the  authors 
have  selected  to  present  some  examples  of 
instruments  that  have  been  used  with  the 
Danish  Road  Testing  Machine  (RTM) ,  and  of 
the  attempts  to  overcome  some  of  the  dif¬ 
ficulties  encountered. 

4.1  Soil  pressure  cells 

Probably  the  most  frequently  used 
gauge  for  measuring  dynamic  soil  stresses 
is  the  diaphragm  cell.  An  example  of  a 
pressure  cell  used  in  some  of  the  early 
experiments  in  the  Danish  RTM  is  shown  in 
fig.  9.  The  principle  of  these  transducers 
is  that  a  pressure  acting  on  the  thin 
diaphragm  of  the  cell  will  cause  a  deflec¬ 
tion  that  can  be  transformed  into  an  elec¬ 
trical  signal  by  strain  gauges  cemented 
to  the  inside  of  the  diaphragm  (or  a  small 
LVDT  (Linear  Variable  Differential  Trans¬ 
former)  in  some  cases) . 

The  cell  in  Fig.  9  was  calibrated 
under  hydrostatic  pressure,  but  the  signal 
produced  by  the  cell,  when  it  is  embedded 
in  a  soil,  is  not  necessarily  identical 
to  the  signal  it  would  produce  under  the 
corresponding  hydrostatic  pressure.  The 
stiffness  of  the  cell  will  be  different 
from  the  stiffness  of  the  surrounding 
soil,  and  this  will  change  the  stiess 
field  in  the  soil.  This  is  very  clearly 
illustrated  in  Fig.  10  (C.  Busch  &  P. 

Ullidtz,  1978) . 


Fig.  9  Diaphragm  soil  pressure  cell 

used  in  the  early  experiments  in 
the  Danish  Road  Testing  Machine. 


155 


Fig.  10  Excess  pressure  on  cel  diaphragm 
for  different  soil  modules. 


The  excess  pressure  in  the  plane  of 
the  cell  diaphragm  was  calculated  using  a 
finite  element  program.  The  figure  shows 
the  excess  pressure  for  different  soil 
moduli  and  for  two  different  cells.  It 
can  be  seen  that  decreasing  the  soil  modu¬ 
li  or  increasing  the  diaphragm  thickness 
"improves"  the  pressure  distribution,  con¬ 
firming  earlier  results  (Tory  &  Sparrow, 
1966)  . 

To  overcome  this  calibration  problem 
a  new  cell  was  developed.  This  cell  has  a 
double  membrane,  where  the  cavity  between 
the  membranes  is  filled  with  oil.  The  com¬ 
ponents  of  the  cell  are  shown  schematical¬ 
ly  in  fig. 11.  The  geometry  of  the  cell  has 
been  improved  by  tapering  the  edges,  to 
reduce  the  cross  sensitivity  and  the  stress 
concentrations  at  the  edges,  and  the  smooth 
surface  has  been  abolished  in  favour  of  a 
rough  surface,  to  ensure  a  better  contact 
with  the  soil.  This  new  gauge  shows  the 
seme  stress  response  when  calibrated  under 
hydrostatic  pressure  and  in  different 
soils . 

Installation  of  the  gauge  is  also 
likely  to  disturb  the  soil  and  thus  the 
stress  field.  One  technique  which  has 
proven  successful  has  been  to  place  a 
dummy  gauge  during  compaction,  and  then 
replace  it  with  the  real  gauge  after  com¬ 
paction.  Calibration  of  the  gauges  after 
installation,  using  an  FWD  fitted  with  a 
special  hydraulic  loading  pad,  has  con¬ 
firmed  the  calibration  under  hydrostatic 
pressure . 

Even  if  the  cells  can  be  properly 
installed  and  calibrated  the  problems 
are  not  over.  The  environment  of  the  cell 
is  a  very  harsh  one,  and  ensuring  the 
durability  of  the  cell  is  quite  difficult. 


Fig.  11  Improved  pressure  gauge 

developed  for  the  Danish  RTM . 

Early  attempts  at  using  gauges  made  of 
aluminum  or  brass  were  not  successful, 
whereas  titanium  was  found  to  be  excel¬ 
lent.  Still  great  care  has  to  be  taken  to 
protect  the  electronics  of  the  gauge 
against  moisture.  Some  of  the  precautions 
taken  are  indicated  in  fig.  11. 

4.2  Strain  cells  in  unbound  materials 

Strains  in  unbound  materials  are 
mostly  determined  indirectly  by  measuring 
the  differential  displacement  between  two 
points  (installing  single  wire  strain 
gauges  in  granular  materials  is  tricky 
though  not  impossible) . 

The  differential  deflection  is  nor¬ 
mally  measured  by  an  LVDT  or  by  measuring 
the  changes  in  the  mutual  induction  of  two 
coils.  An  important  advantage  of  the  lat¬ 
ter  system  is  that  the  coils  are  not  mecha¬ 
nically  connected.  A  disadvantage  is  that 
moving  metallic  masses  also  induce  a  signal 
in  the  coils. 
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Soil  strain  and  deformation  transducer 

80 


Fig.  1?  Soil  strain  transducer. 
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Fig  13  Asphalt  straingauges  employed  at 
the  international  OECD  experiment 
in  Nardo. 


In  one  experiment  in  the  RTM  the 
signal  induced  by  the  wheel  trolley  was 
found  to  be  much  larger  than  that  caused 
by  the  strain.  This  effect  of  the  trolley 
made  the  use  of  coil  gauges  impossible. 

The  strain  cell  presently  used  in 
the  RTM  is  based  on  an  LVDT,  placed  below 
the  lower  reference  plate,  as  indicated 
in  fig.  12.  The  cell  may  be  used  to  mea¬ 
sure  resilient  as  well  as  permanent  defor¬ 
mations.  A  procedure  has  been  developed 
for  installing  the  gauge  with  fery  little 
disturbance  to  the  soil  between  the  refe¬ 
rence  plaLes.  The  cell  is  made  of  stainless 
steel  and  is  coated  with  epoxy  to  ensure 
good  durability. 

4.3  Strain  gauges  in  bound  materials 

At  the  OECD  International  Experiment 
at  Nardo  (OECD,  1985)  many  different  types 
of  gauges  for  measuring  strain  in  asphalt 
were  tested.  The  gauge  types  are  shown 
schematically  in  fig.  13.  The  strain  gauge 
used  in  the  RTM  is  based  on  the  type  1.1 
gauge  m  Fig.  13,  but  has  been  considerably 
improved  with  respect  to  durability. 

When  gauges  are  installed  in  the 
asphalt  during  construction  they  will  be 
subjected  to  very  high  temperatures  and 
to  large  mechanical  impacts  during  compac¬ 
tion  cf  the  asphalt.  After  installation 
the  major  problem  is  damage  caused  by 
moisture,  but  the  gauges  may  also  suffer 
from  fatigue  before  the  asphalt  does.  In 
previous  experiments  in  the  RTM,  where 
Kyowa  type  gauges  have  been  used,  none  of 
the  ,phalt  strain  gauges  have  lasted  for 
all  of  the  experiment. 

For  this  reason  a  new  gauge  was  deve¬ 
loped  for  the  present  experiment  in  the 
RTM.  Some  of  the  most  important  layers  of 
this  gauge  are  shown  in  fig.  14.  The  total 
number  of  layers  in  a  cross  section  is 
27.  The  gauge  has  been  tested  for  more 
than  two  years  in  moist  conditions  in  an 
asphalt  specimen,  and  has  been  subjected 
to  more  than  one  million  large  strain 
repetitions  and  to  several  freeze/thaw 
cycles,  without  any  damage  to  the  gauge. 
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5. 


RESULTS  FROM  THE  DANISH  RTM 


During  autumn  1988  a  new  pavement 
was  constructed  and  instrumented  in  the 
Danish  RTM.  The  pavement  is  a  traditional 
structure  for  light  traffic,  with  64  mm 
asphalt  concrete,  130  mm  basecourse  gravel, 
and  390  mm  subbase  gravel  on  a  moraine 
sand.  16  soil  pressure  cells,  16  soil 
strain  transducers,  and  12  asphalt  strain 
gauges  were  installed  as  indicated  in 
fig.  16.  Two  soil  strain  transducers  in 
the  subgrade  were  lost,  probably  because 
the  cables  were  damaged  during  compaction 
control.  In  addition  temperature  gauges, 
soil  suction  gauges,  tubes  for  nuclear 
density  measurements,  and  water  level 
gauges  were  installed. 

The  main  purpose  of  the  test  is  an 
attempt  at  quantifying  the  effect  of  water 
in  the  unbound  materials.  Loading  tests 
will  be  carried  out  at  different  ground 
water  levels,  with  simulated  precipitation 
and  (if  time  allows)  with  freeze/thaw 
cycles . 

During  construction  of  the  pavement 
FWD  testing  was  carried  out  on  each  layer, 
in  addition  to  the  standard  quality  tes¬ 
ting.  The  FWD  tests  were  done  at  300  mm 
intervals  (or  closer)  and  the  stresses 
and  strains  in  the  materials  were  mea¬ 
sured  simultaneously.  The  results  of  the 
last  two  test  series,  i.e.  on  top  of  the 
basecourse  and  on  top  of  the  asphalt, 
are  discussed  here. 


•— Atpnon  Cooing 


Fig.  14  High  durability  asphalt  strain 
gauge . 


Both  stresses  and  strains  showed 
standard  deviations  between  7%  and  19%  of 
the  mean  values  (except  for  the  subgrade 
strain  where  only  two  transducers  vere 
active) .  Variations  of  this  magnitude  are 
to  be  expected  due  to  the  variation  in 
materials  and  in  layer  thicknesses. 
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Fig.  16  Measured  stress  compared  to  Bos-  Fig.  18  Measured  stress  compared  to  par- 
sinesq's  equation.  ticulate  theory. 
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Fig.  17  Measured  strain  compared  to  Bous-  Fig.  19  Measured  strain  compared  to  par- 
sinesq's  equation.  ticulate  theory. 


From  the  surface  deflections  during 
FWD  testing  the  moduli  of  the  layers  were 
calculated  using  the  ELMOD  program  (Dyna- 
test,  1986).  The  moduli  of  the  unbound 
materials  (base,  subbase  and  subgrade) 
were  found  to  be  almost  identical,  whe¬ 
ther  calculated  from  FWD  tests  on  the  base 
or  on  the  asphalt.  ELMOD  indicated  a  depth 
to  a  rigid  layer  of  1570  mm  (standard 
deviation  98  mm) ,  quite  close  to  the  ac¬ 
tual  depth  to  the  bottom  of  the  concrete 
pit  which  is  1710  mm. 

The  layer  moduli  were  then  used  with 
ELSYM  5  and,  for  some  values,  with  ELMOD 
to  calculate  the  stresses  and  strains, 


and  comparing  these  to  the  measured  val¬ 
ues.  A  Poist^n’s  ratio  of  0.35  was  as¬ 
sumed  for  all  materials.  In  the  table 
below  are  given  the  ratio  of  calculated/- 
measured  values  (c/m)  for  the  FWD  tests 
on  top  of  the  asphalt  layer.  If  the  agree¬ 
ment  between  calculated  and  measured  value 
is  perfect  c/m  =  1. 


ELSYM  5  ELMOD 

Stress  Strain  Stress  Strain 


Strain 
Asphalt , 

long . 

c/m 

c/m 

0.85 

c/m 

c/m 
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Basecourse 

0.76 
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- 

Subbase , 

top 

0.61 

1  .  28 

0.70 

- 

Subbase , 

bottom 

0.46 

0.75 

- 
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Subgrade 

0.48 

1.24 
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CONCLUSION 


The  most  remarkabLe  aspect  of  this 
comparison  is  that  the  calculated  stresses 
are  considerably  below  the  measured  values, 
particularly  at  '  large  depths  where  the 
calculated  stresses  are  only  half  of  the 
measured  values. 

Better  agreement  is  obtained  if  a 
simple  combination  of  Odemark's  method 
with  Boussinesq's  equations  is  used  in¬ 
stead  of  elastic  layer  theory.  In  this 
simple  combination  only  the  thickness  of 
the  asphalt  layer  is  transformed,  based  on 
the  ratio  of  stiffness  between  asphalt 
and  basecourse.  Stresses  and  strains  cal¬ 
culated  using  this  method  are  compared  to 
values  measured  during  FWD  tests  on  asphalt 
and  on  base  course,  in  fig.  16  and  17.  In 
this  case  the  calculated  stresses  at  the 
bottom  of  the  subbase  and  at  the  top  of 
the  subgrade  are  approximately  two  thirds 
of  the  measured  values. 

If  Boussinesq's  equations  are  sub¬ 
stituted  by  the  equations  for  probabilis¬ 
tic  stress  distribution  (Harr,  1977), 
with  a  coefficient  of  lateral  stress  of 
0.21,  the  comparisons  shown  in  fig.  18 
and  19  are  obtained.  It  should  be  noticed, 
however,  that  the  coefficient  of  lateral 
stress  was  not  determined  experimentally, 
but  was  assumed.  Experimental  determination 
of  the  coefficient  of  lateral  stress  is 
very  difficult.  Unlike  the  other  theore¬ 
tical  approaches,  the  probabilistic  stress 
distribution  does  not  assume  that  the 
materials  are  simple  continua,  but  on  the 
contrary  that  they  are  particulate.  Here 
the  agreement  between  measured  and  calcu¬ 
lated  stresses  is  almost  perfect.  For 
deflections  and  strains  the  agreement  (or 
lack  of  agreement  is  similar  to  the 
Boussinesq  case. 


6. 

It  order  to  develop  a  fundamental 
understanding  of  how  pavements  deteriorate 
under  the  combined  actions  of  loading  and 
climatic  effects,  methods  for  determining 
the  critical  stresses  and  strains  in  the 
pavement  materials  must  be  available. 

Instrumenting  pavements  with  stress 
and  strain  cells  is  costly,  and  on  existing 
structures  it  cannot  be  done  without  inter¬ 
ference  in  the  materials.  In  most  cases 
the  stresses  and  strains  must,  therefore, 
be  determined  by  some  indirect  method, 
where  1)  the  surface  deflections  are  mea¬ 
sured  under  a  known  load,  2)  a  mathemati¬ 
cal  model  is  used  to  calculate  the  stiff¬ 
nesses  of  the  layers,  and  3)  the  same 
mathematical  model  is  used  to  calculate 
the  stresses  and/or  strains  from  the  stiff¬ 
nesses  . 

But  verification  of  the  mathematical 
model  must  be  done  against  actually  mea¬ 
sured  stresses,  strains,  and  deflections. 
Surface  deflections  can  be  measured  ac¬ 
curately,  but  stresses  and  strains  in  the 
materials  are  difficult  to  measure.  Several 
new  gauges  were  recently  installed  in  the 
Danish  Road  Testing  Machine  (RTM) .  These 
gauges,  which  are  the  result  of  twenty 
years  development,  are  believed  to  be 
reliable.  For  the  pressure  cells  this  has 
been  demonstrated  through  in  situ  cali¬ 
bration  . 

Results  obtained  from  Falling  Weight 
Deflectometer  (FWD)  tests  during  construc¬ 
tion  of  the  new  pavement  in  the  Danish 
RTM,  have  provided  a  strong  indication 
that  mathematical  models  assuming  granular 
materials  to  be  simple  continua,  do  not 
satisfactorily  predict  the  stress  distri¬ 
bution  in  the  materials.  Calculated  stres¬ 
ses  may  be  less  than  half  the  measured 
va 1 ues . 

A  good  agreement  between  measured 
and  calculated  response  may  be  obtained 
assuming  probabilistic  stress  distribu¬ 
tion  in  the  granular  materials.  This,  how¬ 
ever,  introduces  one  more  parameter,  the 
coefficient  of  lateral  stress,  which  is 
very  difficult  to  determine  experimental¬ 
ly- 
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This  result  may  not  seriously  affect 
the  existing  analytical  -  empirical  (or 
mechanistic  -  empirical)  methods  of  pave¬ 
ment  evaluation.  The  empirical  relation¬ 
ships  used  in  these  methods  were  derived 
using  elastic  layer  theory,  and  the  same 
theory  must  therefore  be  used  to  calculate 
the  critical  response.  In  addition  to  this, 
the  inaccuracy  in  stress  prediction  is  to 
some  extent  balanced  out  by  a  reverse 
inaccuracy  in  moduli. 

From  a  more  fundamental  point  of 
view,  however,  it  is  not  satisfactory  if 
the  pavement  response  predicted  by  the 
mathematical  model  does  not  agree  reason¬ 
ably  well  with  measured  values  (if  the 
measured  values  are  reliable) .  In  the 
near  future  a  number  of  full  scale  tests. 
Long  Term  Pavement  Performance  (LTPP) 
data  etc.  are  to  be  interpreted,  in  order 
to  develop  performance  models.  Before 
investing  too  much  effort  in  this,  it 
would  be  desirable  if  more  reLiable  res¬ 
ponse  models  could  be  established. 
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IN  SITU  STRESS  MEASUREMENTS 
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ABSTRACT 

Paper  summarizes  the  considerations 
involved  in  measuring  soil  stresses 
within  earth  masses  and  at  layer  inter¬ 
faces,  as  related  to  pavement  systems. 
Presentation  begins  with  measurement 
locations  and  reasons  for  interest  in 
stress.  Basic  types  of  gages  are 
described.  Soil-gage  interaction  con¬ 
cepts  are  explained  to  illustrate  the 
complications  in  stress  measurement. 
Methods  of  gage  installation  and 
calibration  are  described.  Indications 
are  given  of  accuracy  and  precision  in 
stress  measurement.  Finally  considera¬ 
tions  in  gage  selection  are  listed  and 
recommended  action  given.  Soil  stress 
measurement  is  shown  to  be  a  challenging 
task  with  considerable  uncertainty. 
Satisfactory  results  require  suitable 
hardware,  proper  calibration  and  careful 
installation  with  replication  of  gages 
for  each  condition.  This  effort  is 
justified  when  important  reasons  for 
knowing  stress  exist  and  when  reasonable 
estimates  can  not  be  made  by  analytical 
means . 


INTRODUCTION 

This  paper  provides  a  review  of  in 
situ  stress  measurements  using  embedded 
gages.  The  emphasis  is  on  applications 
to  pavement  systems.  Only  total  stress 
will  be  considered.  To  obtain  effective 
stress  it  is  also  necessary  to  determine 
pore  water  pressure.  Techniques  for 
pore  pressure  measurement  are  available, 


but  these  are  quite  different  than  used 
for  total  stress  (Ref.  1),  and  hence  are 
beyond  the  scope  of  this  paper.  Also 
only  normal  stress  will  be  considered. 
While  measurement  of  shear  stress  is  of 
interest,  there  is  relatively  li.ttle 
experience  with  this,  and  suitable  gages 
generally  are  not  available. 

In  situ  total  normal  stress  is 
inherently  one  of  the  most  difficult 
parameters  to  measure  accurately.  This 
is  so  because  the  presence  of  the  gage 
alters  the  soil  stresses  that  would 
exist  if  the  gage  were  not  present. 
This  compliance  problem  occurs  because 
the  gage  has  stiffness  properties  dif¬ 
ferent  from  those  of  the  soil,  and  the 
stress  sensed  by  the  gage  is  a  function 
of  the  soil-gage  interaction.  This 
problem  is  further  complicated  by  the 
alteration  in  soil  conditions  around  the 
gage  (embedment  zone)  associated  with 
gage  installation.  Thus  in  situ  stress 
measurements  always  have  considerable 
uncertainty  associated  with  them. 

This  paper  will  first  consider  the 
stress  locations  of  interest  in  pavement 
systems.  Basic  types  of  gages  will  be 
described.  Soil-gage  interaction  con¬ 
cepts  are  presented,  followed  by 
comments  on  installation  and  calibra¬ 
tion.  Then  indications  of  accuracy  and 
precision  of  in  situ  stress  measurement 
are  given.  Finally  factors  to  be  con- 
sidered  in  gage  selection  are 
summarized . 


162 


MEASUREMENT  LOCATIONS 


Potential  locations  of  interest  for 
stress  measurement  in  a  "avement  system 
are  shown  in  Fig.  1.  The  two  general 
categories  are:  1)  at  layer  interfaces, 
and  2)  within  the  layer  masses.  The 
second  category  has  three  subcategories: 
a)  pavement  material,  b)  compacted  soil, 
and  c)  natural  or  undisturbed  soil. 
Considering  the  compliance  problem  and 
placement  effects,  the  order  of  increas¬ 
ing  stress  measurement  uncertainty  is 
probably  as  follows  (1  least,  7  most): 


Gage  Location  Number 


1.  Pavement  interface-o 

V 

4,5 

2.  Soil  layer  interface-o^ 

10,11,15 

3.  Compacted  soil-o^ 

8,13 

4.  Subgrade  soil-a^ 

9,12,14,16 

5.  Granular  base-o, 
h 

6,7 

6.  Pavement- a,  ,  a 
h  v 

1,2,3 

7.  Natural  subgrade-o^ 

17 

However  details  of  specific  situations 
could  change  this  ranking. 

In  general  applications,  horizontal 
stress  measurement  is  more  uncertain 
than  vertical;  measurement  in  coarse¬ 
grained  soils  is  more  uncertain  than  in 
five-grained  soils;  measurement  of 

normal  stress  at  interfaces  is  more 
certain  than  measurements  within  soil 
masses;  stress  measurements  in  the 
pavement  are  more  difficult  than  in 
soil;  the  most  reliable  measurement  is 
at  the  pavement-soil  interface  assuming 
that  the  gage  sensing  area  can  be  large 
enough  in  relation  to  the  soil  particle 
size;  and  the  most  uncertain  measurement 
is  vertical  stress  in  undisturbed  soils 
away  from  the  surface. 

Within  pavement  (rigid  or  flexible) 
strains  normally  would  be  a  more  ap¬ 
propriate  measurement  than  stress;  thus 
stress  gages  would  probably  not  be 
needed  for  locations  1-3.  Locations  4 
and  5  (preferably  4)  would  be  useful  for 
determining  the  extent  of  surface  pres¬ 
sure  reduction  through  the  pavement. 
Locations  8,  10,  11,  13  and  15  would  be 
used  to  determine  vertical  stress  at¬ 
tenuation  as  a  means  of  checking  layer 
theory  calculations.  Deflection  and/or 
strain  measurements  might  be  a  preferred 
approach  for  this  purpose,  however. 
Little  information  is  available  on 
horizontal  stresses  in  base  and  subgrade 
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Fig.  1  Stress  Measurement  Locations 


layers.  Such  measurements,  particularly 
in  the  granular  base,  are  needed  to 
improve  analytical  models  for  predicting 
pavement  performance.  An  example  of  the 
important  role  of  these  stresses  in 
controlling  permanent  deformation  is 
given  in  Ref.  2.  Measurements  deeper  in 
the  subgrade  (locations  16  and  17)  are 
probably  not  needed  if  the  surface  load 
induced  stresses  at  these  locations  are 
small,  because  the  geostatic  stresses 
from  the  weight  of  pavement  and  com¬ 
pacted  soil  layers  most  likely  can  be 
estimated  accurately  enough. 


TYPE  OF  GAGES 

The  soil  stress  gages,  often  called 
earth  pressure  cells,  consist  of  a 
pressure  sensor  with  a  transducer  to 
convert  the  pressure  into  a  measurable 
signal.  Different  type  of  stress  gages 
have  been  developed  over  the  last  5 
decades.  Summaries  of  many  of  these  are 
given  in  Refs.  3,  4  and  5. 

The  basic  concepts  defining  the 
main  types  are  illustrated  in  Fig.  2. 
All,  but  one,  is  thin  in  the  direction 
of  the  measured  normal  stress  compared 
to  the  transverse  dimension.  The  one 
exception  is  a  gage  with  the  sensor 
housing  projecting  from  the  back  of  the 
gage  body.  In  all  cases  soil  pressure 
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A)  BONDED  RESISTANCE  STRAIN  GAGES 
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B;  VIBRATING  WIRE  STRAIN  SENSOR 


ACTIVE  EACE 


C;  LIQUID  FILLED  PISTON 


PRESSURE  SENSOR 


is  applied  to  either  one  or  two  active 
faces.  The  effect  of  the  pressure  is 
sensed  by  a  variety  of  transducers.  The 
proper  choice  depends  on  such  considera¬ 
tions  as  overall  gage  size,  rate  of 
change  of  measured  stress,  data  acquisi¬ 
tion  requirements,  available  readout 
equipment,  and  duration  of  use.  The 
unbonded  electrical  resistance  strain 
gage  type  has  the  longest  record  of 
reliable  performance,  which  is  an  impor¬ 
tant  factor  to  consider.  However  the 
large  size  and  the  configuration  make  it 
unsuitable  for  pavement  applications. 

The  proper  choice  of  gage  type  will 
depend  on  such  factors  as  data  acquisi¬ 
tion  requirements,  rate  of  loading, 
stress  location,  gage  size  n.  eded, 
durability  and  cost. 


PRESSURE  SENSOR 
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The  difficulty  in  measuring  soil 
stress  with  embedded  gages  can  be  under¬ 
stood  by  examining  some  basic  concepts 
of  soil-gage  interaction.  To  do  this 
consider  the  simplified  case  of  a  gage 
oriented  to  measure  vertical  stress  in  a 
semi  -  inf inite  soil  mass  (Fig.  3).  Let 
PQ  be  a  uniform  pressure  applied  to  the 

entire  soil  surface.  For  simplicity 
neglect  the  soil  unit  weight  so  that  P^ 

is  also  the  true  avert j"  vertical  soil 
stress  at  the  gage  location.  Let  P  be 

the  average  normal  soil  pressure  acting 
on  the  gage  as  determined  from  the  gage 
output  using  fluid  calibration.  The 
reading  error  (or  cell  registration 
error)  can  then  be  expressed  as: 


'  \  -  *  ‘  * . 
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Fig.  2  Stress  Gage  Examples 


3 


Parameters  for  Soil -Gage 
Interaction 


If  C  =0  chere  is  no  error  since  P  = 
r  m 

P  A  positive  value  of  means  over¬ 
registration  because  the  gage  is  giving 
too  large  a  reading.  Conversely  a 
negative  value  of  C  means  under¬ 


registration  . 

The  value  of 


C  is 
r 


a  function  of 


many  factors  including  ratio  of  soil 
stiffness  (Young's  modulus)  to  gage 
compressibility  (E  /E  )  ,  soil  Poisson's 

ratio,  ratio  of  gage  thickness  to 


diameter  (T/D)  ,  deflection  characteris¬ 
tics  of  sensing  element,  and  ratio  of 
soil  stress  transverse  to  the  gage  to 
the  soil  stress  normal  to  the  gage 

(W- 


1.0 


E 


g 


Fig.  9  Factors  Affecting  Cr 


The  effects  of  T/D  and  E  /E  are 

g  s 

illustrated  in  Fig.  9.  When  E  /E  is 

g  s 

unity,  the  error  is  zero,  independent  of 
T/D,  but  the  rate  of  change  of  error 
with  change  in  soil  modulus  is  large. 
In  fact  the  rate  of  change  of  error  is 

largest  for  all  cases  in  which  E  >  E  . 

g  “  s 

Since  the  soil  modulus  is  not  constant, 
even  if  it  is  equal  to  the  gage  stiff¬ 
ness  initially,  this  situation  is  not 
satisfactory  because  the  calibration 
correction  is  undefinable.  The  best 
situation  is  to  have  a  high  gage  to  soil 


stiffness  ratio  to  minimize  the  change 
in  error  as  soil  stiffness  changes. 
This  permits  the  error  to  be  determined 
by  gage  calibration  in  soil. 

For  any  stiffness  ratio,  the  error 
increases  with  increasing  T/D  ratio. 
Thus  T/D  should  be  as  small  as  possible, 
considering  such  factors  as  the 
transducer  requirements,  fabrication 
limitations,  and  gage  robustness. 

It  is  clear  from  this  example,  that 
a  gage  optimally  designed  to  measure  the 
normal  stress  in  one  direction  can  not 
simultaneously  measure  the  normal  stress 
at  90  deg  rotation,  since  the  error  in 
the  transverse  direction  would  then  be 
maximized.  Thus  a  triaxial  gage  in  the 
form  of  a  cube  is  unsuitable  because  it 
would  have  a  significant  error  for  all 
three  orthogonal  stresses. 

The  effect  of  transverse  stress  on 
the  value  of  Cr  has  been  illustrated  by 

experiments  and  theoretical  analysis 
(Refs.  9-6).  Basically,  as  the  ratio  of 

P,  /P  increases  from  a  value  less  than 
h  o 

1.0  to  a  value  greater  than  1.0,  the 
value  of  decreases  from  a  positive 

value  to  a  negative  value  (i.e.  from 
over-registration  to  under¬ 
registration).  The  magnitude  of  this 
trend  is  significantly  influenced  by  the 
soil  Poisson's  ratio. 

The  soil  stress  distribution  around 
embedded  gages  is  illustrated  in  Fig.  5 
for  varying  E^/E^  and  T/D  ratios. 

Stress  concentrations  at  the  edges  of 
the  gage  result  in  a  non  uniform  soil 
pressure  across  the  face  of  the  gage. 
This  distribution  is  a  function  of  the 
mode  of  sensing  element  deflection. 
Thus,  for  example,  a  flexible  diaphragm 
gage  as  a  whole  might  have  over¬ 
registration,  but  the  sensing  element 
might  indicate  under-registration  be¬ 
cause  of  pressure  reduction  in  the 
center . 

The  soil-gage  interaction  effects 
for  gages  at  the  interface  between  the 
pavement  and  the  soil  are  less  complex 
than  for  gages  fully  embedded  in  the 
soil  mass.  Two  situations  are  il¬ 
lustrated  in  Fig.  6,  a  gage  placed  on 
the  structure  surface  so  that  it  is 
fully  projecting,  and  a  gage  recessed  so 
that  it  is  fully  embedded  in  the  struc¬ 
ture.  Theoretically  the  fully- 
projecting  case  with  a  T/D  ratio  of  K 
has  an  error,  C  ,  equal  to  that  of  a 


lt>5 


SOIL 


1 

Li 

L 

TTTr 

In" 

|  FBEERE.D 

GAGE 

X  DERrcnor, 

C)  F'.iX  ULE  D:A“nRAG‘.' GAGE 


Fig.  5  Stress  Distribution  Around 
Embedded  Gages 


gage  in  the  soil  mass  away  from  the 
structure  that  has  a  T/D  ratio  equal  to 
2K . 

The  parameters  for  the  fully  em¬ 
bedded  interface  location  are  shown  in 
Fig.  7  for  the  simple  case  of  a 
uniformly  deflecting  sensing  area.  The 
error,  C  ,  is  primarily  a  function  of 

the  deflection-diameter  ratio,  d/D ,  and 
the  soil  modulus,  E  ,  as  shown  in  Fig. 

8.  Positive  deflection,  d,  is  away  from 
the-  soil  or  in  the  active  earth  pressure 
direction.  Negative  deflection  is 
toward  the  soil  or  in  the  passive  direc¬ 
tion.  The  passive  direction  causes 
over  -  registration  and  the  active  direc¬ 
tion  causes  under  -  registration .  Usually 
the  gage  sensing  area  deflects  Inward 
relative  to  the  surface  of  the  surround¬ 
ing  structure  ( +  d ) .  Hence  is  usually 

negative  and  the  gage  under-registers. 

The  error  also  increases  with  increasing 

soil  stiffness,  E  . 

s 


GAGE  installation 

A  very  significant  factor  influenc¬ 
ing  accuracy  of  stress  measurement  is 
the  method  of  installation.  An  example 
of  studies  to  investigate  this  effect  is 
given  in  Ref.  7.  Techniques  must  be 
developed  for  each  application.  Usually 
gage  placement  for  measuring  horizontal 
stresses  is  much  more  difficult  than  for 
measuring  vertical  stresses. 

The  alternatives  may  be  divided 
into  3  general  categories  for  gages 
within  a  soil  mass:  1)  excavating  and 
recompacting  the  soil,  2)  excavating  the 
soil  and  backfilling  with  a  sand  bed¬ 
ding,  and  3)  excavating  the  soil  and 
backfilling  with  grout.  The  first  case 
is  best  with  soft  clays  and  fine  sands. 
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Fig.  7  Parameters  for  Interface 
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GAGE  CALIBRATION 


Fig.  8  Interface  Gage  Behavior 


The  second  case  is  best  with  medium  to 
stiff  clays,  and  granular  materials  in 
general.  The  third  method  applies 
primarily  to  stiff,  hard  or  very  compact 
soils.  In  all  cases  the  excavation 
should  be  done  in  a  way  that  will 
achieve  a  flat  surface  adjacent  to  the 
gage,  even  if  there  is  only  one  sensing 
face  and  this  is  directed  away  from  the 
excavated  soil  surface. 

For  gages  embedded  in  the  pavement 
structure,  grouting  or  forming  the 
pavement  around  the  gage  are  the  most 
appropriate  methods  of  placement.  The 
grout  should  normally  be  selected  to 
provide  a  stiffness  similar  to  that  of 
the  surrounding  structure. 

T..e  contribution  of  placement 
effects  to  registration  error,  C  ,  must 

be  estimated  by  analysis  or  calibration 
in  soil  under  representative  conditions. 
This  is  often  difficult  to  accomplish. 
Also  for  consistency,  the  techniques 
should  be  repeatable  from  gage  to  gage. 

Because  of  the  important  influence 
of  placement  methods  on  accuracy  of 
stress  measurement,  the  design  of  the 
gage  and  transducer  housings  should  be 
done  with  ease  of  placement  in  mind.  A 
flat,  thin,  cylindrical  gage  with  only  a 
cable  or  tubing  projecting  from  the  side 
is  easiest  to  install  in  soil  (Fig.  2A , 
B,  E,  F).  Gages  with  a  separate 
transducer  housing  (Fig.  2C  and  D)  are 
more  difficult  to  install.  Gages  with 
transducer  housings  on  one  face  (Fig. 
2G)  are  generally  only  suitable  for  use 
in  a  concrete  mass  or  at  the  interface 
between  a  structure  and  soil. 


Calibrations  are  needed  to  check 
gage  performance  and  estimate  values  for 
C  .  The  first  step  is  to  subject  a  gage 

to  repeated  cycles  of  fluid  pressure 
applied  to  both  faces  (if  a  disk-shaped 
gage).  Pressure  can  also  be  applied  to 
the  entire  outer  surface  to  determine 
whether  side  pressure  affects  the  gage 
response.  Fluid  calibration  is  rela¬ 
tively  easy  to  accomplish  (Ref.  8).  It 
provides  information  on  the  linearity, 
hysteresis,  sensitivity  (output  per  unit 

pressure  change)  ,  resolution  (smallest 
readable  value),  and  precision 
(repeatability  of  reading)  of  the  system 
including  sensor,  transducer,  and 
readout.  This  is  done  without  the 
complications  caused  by  the  soil  and 
installation  effects.  The  gage  and 
readout,  together  and  separately,  should 
also  be  checked  for  effects  of  tempera¬ 
ture  variation. 

The  next  step  is  to  check  the  gage 
response  in  soil.  The  soil  and  place¬ 
ment  conditions  should  simulate  the 
f  eld  conditions  as  closely  as  possible. 
Ine  two  most  common  methods  for  ac¬ 
complishing  this  use:  1)  a  large 

triaxial  device  (Ref.  U) ,  or  2)  a  rigid- 
wall  chamber  with  pressure  applied  to 
the  soil  surface  (Refs.  7  and  8).  Both 
are  time  consuming  and  expensive,  and 
neither  can  fully  achieve  field  simula¬ 
tion.  however,  if  the  results  of  such 
tests  are  not  available  for  examination, 
these  studies  are  necessary  in  order  to 
judge  the  potential  gage  accuracy  in 
soil . 

The  desired  approach  for  best 
accuracy  is  to  calibrate  each  gage  in 
the  field  after  placement.  However, 
procedures  for  achieving  this  goal  have 
not  been  demonstrated  except  in  a  few 
special  cases.  The  most  significant 
future  contribution  to  stress  measure¬ 
ment  in  soil  would  be  the  development  of 
suitable  field  calibration  methods. 


ACCURACY  AND  PRECISION 

Accuracy  means  the  closeness  of  the 
measured  stress  to  the  true  soil  stress 
(that  which  would  be  present  without  the 
gage  installed).  Bias  is  the  difference 
between  the  true  value  and  the  measured 
value.  Precision  is  an  indication  of 
the  repeatability  or  reproducibility  of 
the  stress  measurement.  Bias  is  a 
systematic  error  which  can  be  reduced  by 
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calibration,  but  generally  not  by  repli¬ 
cate  measurements.  Precision  represents 
random  error  which  is  reduced  by  averag¬ 
ing  replicate  measurements.  For  a 
stress  measurement  effort  to  be  meaning¬ 
ful,  the  gage  accuracy  and  precision 
both  must  be  evaluated. 

Information  on  accuracy  and  preci¬ 
sion  of  stress  measurements  in  soil  is 
insufficient  to  draw  firm  conclusions. 
However  in  most  cases  the  precision  and 
accuracy  of  the  gages  and  readouts  under 
fluid  pressure  conditions  are  quite 
satisfactory.  Even  temperature  effects 
can  be  adequately  accounted  for.  By  far 
the  two  biggest  sources  of  error  are 
caused  by:  1)  soil-gage  interaction 
including  installation  effects,  and 
2)  soil  and  construction  variability 
from  place  to  place. 

The  writer  has  observed  coeffi¬ 
cients  of  variation  (standard 
deviation/mean)  as  high  as  60%  in  field 
tests,  although  more  likely  values  are 
+25%.  The  contribution  of  this 
variability  due  to  placement  has  been 
reported  to  be  +6  to  15%  (Refs.  9-11). 
This  represents  low  precision,  and  hence 
would  require  many  replicate  gage  in¬ 
stallations  for  the  same  conditions  to 
diminish  the  imprecision  to  an  accept¬ 
able  level. 

This  variability  is  often  thought 
(erroneously)  to  be  bias  or  inaccuracy. 
With  only  one  gage  for  measuring  each 
condition,  there  is  no  way  to  tell 
whether  the  errors  represent  accuracy  or 
precision.  Analysis  and  soil  calibra¬ 
tion  experiments  do  give  an  indication 
of  potential  bias,  however.  Values  of 
-40%  to  +80%  of  the  mean  (under  and 
over  -  registration,  respectively)  are 
clearly  possible,  and  inaccuracies  of 
20%  should  be  expected.  Replications 
will  not  reduce  this  error  --  only 
appropriate  calibrations  will  reduce  it. 


CONSIDERATIONS  IN  CAGE  SELECTION 

A  number  of  factors  need  to  be 
considered  in  gage  selection.  This 
information  comes  from  many  sources, 
including  references  cited  in  this 
paper.  The  compiling  of  many  of  these 
effects  in  Ref.  6  was  particularly 
helpful.  A  listing  of  the  factors  wit!, 
a  summary  recommendations,  emphasizing 
soil  mass  cases,  is  as  follows: 

1.  Cell  thickness  to  diameter  ratio: 

Use  T/D  ratio  <  0.2. 


2.  Gage  to  soil  modulus  ratio:  Hard  to 
measure,  but  keep  as  large  as  pos¬ 
sible  --  say  >  5  to  10. 

3.  Deflection  to  diameter  ratio  for 
clamped  diaphragms:  keep  <  0.0005. 

4.  Deflection  to  diameter  ratio  for 
uniform  deflecting  sensing  areas: 
K~ep  <  0 . 00005 . 

5.  Edge  stress  concentration:  Keep 

sensing  area  <  25  to  45%  of  total 
gage  face  area. 

6.  Ratio  of  sensing  area  diameter  to 
soil  mean  particle  size:  Keep  >  10 
to  50  in  vacinity  of  gage. 

7.  Transverse  normal  stress  and  shear 

stress:  Prediction  and  control  is 

uncertain.  Evaluate  by  analysis  and 
cal ibration . 

8.  Temperature  sensitivity:  Evaluate 

need  to  apply  corrections . 

9.  Installability :  Select  geometry  for 
satisfactory  installation. 

10.  Gage  mass  density  to  soil  mass 

density  ratio:  When  very  short 

(millisecond  or  smaller)  loading 
times  are  involved,  make  close  to 
1.0. 

11.  Frequency  response:  Transducer, 
gage  body,  and  readout  should  be 
capable  of  responding  at  a  rate  at 
least  10  times  faster  than  the  rate 
of  soil  stress  change. 

12.  Gage  sensitivity  to  side  pressure: 
Design  to  eliminate  by  isolation  or 
by  type  and  layout  of  transducer. 

13.  Robustness:  Design  to  withstand 
handling  and  installation  forces,  as 
well  as  service  overstress.  Cable 
and  transducer  connections  are 
particularly  vulnerable. 

14.  Moisture:  Seal  gage  and  attached 
cable  for  anticipated  water  pressure 
condit ions . 
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15.  Durability:  Select  gage  materials 
and  coatings  to  prevent  deteriora¬ 
tion  over  required  measurement 
period.  Investigate  potential  drift 
over  time.  Develop  corrective 
measures  or  means  to  recalibrate. 
For  long  term  applications  select 
gages  with  established  records  of 
satisfactory  performance  as  either 
the  primary  or  the  back  up  system. 


CONCLUSIONS 

The  starting  point  for  planning 
soil  stress  measurements  is  to  criti¬ 
cally  evaluate  the  reasons  for  the 
measurements,  and  where  they  would  be 
located.  Because  of  the  errors  involved 
with  such  measurements  the  reasons  must 
be  convincing  to  justify  the  high  ex¬ 
pense.  Significant  cost  items  are  the 
necessary  calibrations  and  essential 
replication  of  locations.  A  good  under¬ 
standing  of  the  principles  of  soil -gage 
interaction  and  adherence  to  the 
guidelines  in  this  paper  will  help  in 
achieving  acceptable  results. 
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PAVEMENT  DESIGN  WITH  THE  PAVEMENT  PRESSUREMETER 
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INTRODUCTION 

The  pressuremeter  test  consists  of 
drilling  a  hole  and  inserting  in  the  open 
hole  a  cylindrical  probe  (Figure  1).  Once 
at  the  testing  depth  the  probe  is  inflated 
while  recording  the  increase  in  pressure 
in  the  probe  and  the  increase  in  volume  of 
the  probe.  A  test  leads  to  the  recording 
of  a  pressuremeter  curve  (Figure  1) .  Two 
of  the  parameters  obtained  from  a  pres¬ 
suremeter  curve  are  a  soil  modulus  E  and 
a  limit  pressure  pl_  This  test  was 
developed  by  Menard  in  France  in  1956  and 
has  been  used  mostly  for  foundation  design. 
In  1976  Briaud  and  Shields  in  Canada 
studied  the  possible  application  of  the 
pressuremeter  to  airport  pavement  design. 
The  sponsor  was  Transport  Canada.  Tests 
were  performed  and  a  design  procedure  was 
developed  for  airport  pavements  (Briaud, 
1979,  Briaud  and  Shields  1979,  1981, 
1981a).  In  1980,  Briaud  and  Lytton  in 
Texas  studied  the  possible  application  of 
the  pressuremeter  to  highway  pavement 
design  (Hung  et  al . ,  1981;  Briaud  et  al., 
1982,  1983).  The  sponsor  was  the  Texas 
State  Department  of  Highways  and  Public 
Transportation.  Tests  were  performed  and 
progress  was  made  analytically  on 
obtaining  the  small  strain  moduli  from  a 
pressuremeter  test.  In  1984,  Briaud, 
Cosentino  and  Terry  compared  the  pavement 
pressuremeter  with  the  falling  weight 
d"f lec tometer  and  the  cyclic  triaxial 
test  The  sponsor  was  the  Federal  Aviation 
Administration  (FAA).  Measurements  and 
predictions  were  made  for  3  airports 
(Briaud,  et  al.,  1986  1987).  More 
recently  Briaud,  Morgan  and  Ross  used  the 
pavement  pressuremeter  for  another  highway 
related  problem:  the  design  of  guard  rail 
pos t  s  . 


This  article  is  a  state-of-the-art  on 
the  use  of  the  pressuremeter  for  pavement 
design  with  emphasis  on  the  results 
obtained  in  the  1984  FAA  study. 

PAVEMENT  DESIGN  CONCEPTS 

The  pressuremeter  has  been  used  mainly 
for  foundation  design.  The  use  of  the 
pressuremeter  in  pavement  design  requires 
to  acknowledge  the  differences  which  exist 
between  pavements  and  foundations.  In 
foundation  ultimate  bearing  capacity  is 
rarely  considered  because  other  design 
constraints,  namely  very  small  tolerable 
deflections,  ensure  that  the  factor  of 
safety  against  bearing  capacity  failure  is 
very  large.  Topical  safety  factors  in 
foundations  vary  between  1.5  and  3;  for 
most  conventional  pavements  the  safety 
factor  is  many  times  higher.  In  foundation 
engineering,  movements  of  up  to  25  mm  (1 
in.)  can  usually  be  tolerated  while  in 
pavements  such  differential  movements 
would  be  disastrous  for  a  plane  trying  to 
take  off  at  240  km/h  (150  mph)  .  In 
pavements,  strains  of  less  than  0.001  are 
taking  place  everytime  the  tire  passes  over 
the  pavement.  The  tire  pressur  -  can  be 
200  kPa  (30  psi)  for  a  car,  550  kPa  (80 
psi)  for  a  truck  and  up  to  1700  kPa  (250 
psi)  for  a  plane.  Clearly,  pavement  design 
is  a  problem  of  limiting  the  deformations 
to  very  small  tolerable  values.  Therefore 
the  determination  of  layer  moduli  for  very 
small  strains  becomes  essential.  Other 
differences  with  foundations  are  the  fact 
that  the  stress  level  in  the  soil  is  lower 
for  pavements  and  that  the  car,  truck,  or 
plane  load  the  soil  very  rapidly  but  with 
a  large  number  of  repetitions.  As  a  result 
the  development  of  the  pavement  pressur¬ 
emeter  has  focused  on  the  determination  of 
moduli  as  a  function  of  strain,  stress, 
rate  of  loading  and  cyclic  loading. 
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THE  PAVEMENT  FRESSUREMETER 

The  pavement  pressuremeter  was  first 
developed  for  Transport  Canada  (Briaud, 
1979)  .  The  unit  was  improved  for  the  Texas 
Highway  Department  (Hung,  et  al ,  ,  1981). 
Roctest  in  1984  made  final  improvements 
and  commercialized  the  unit  under  the  name 
of  PENCEL.  This  unit  consists  of  a  small 
suitcase  housing  the  central  unit  and  of 
a  probe  and  tubing  (Figure  2).  The  probe 
is  35  mm  (1.38  in.)  in  diameter  and  the 
inflatable  part  of  the  probe  is  230  mm  (9 
in.)  long.  For  new  pavements  the  hole  is 
made  with  a  small  flight  auger  35  mm  (1.38 
in.  )  in  diameter  down  to  the  testing  depth. 
For  the  evaluation  of  existing  pavements 
a  50  mm  (2  in.)  diameter  hole  is  first  open 
through  the  surface  course.  This  is 
usually  done  with  a  concrete  drill  and  the 
core  can  be  used  for  determining  the 
modulus  of  the  surface  course  (asphalt  or 
concrete).  As  a  last  resort  the  probe  can 
be  driven  in  place  if  it  is  not  possible 
to  prepare  the  hole  with  the  flight  auger; 
in  this  case  conversion  factors  need  to  be 
applied  to  the  moduli  obtained  (Briaud,  et 
al .  ,  1986)  . 

The  test  its  f  consists  of  inflating 
the  probe  in  a  very  specific  sequence.  The 
test  lasts  about  10  minutes  so  that  in  one 
hour,  4  to  5  tests  in  one  hole  can  be 
performed  by  an  experienced  crew  of  two 
people.  The  pavement  pressuremeter  has 
advantages  and  drawbacks  like  other  tests. 
It  is  compared  on  Table  1  to  the  falling 
weight  ’  Hectometer  and  the  cyclic 
triaxial  .est.  This  table  shows  that  the 
falling  weight  def lectometer  is  ideal  for 
the  rapid  but  crude  evaluation  of  a  large 
pavement  area  while  the  pavement  pres- 
surcmeter  is  very  well  suited  for  a  more 
in  depth  evaluation  of  a  few  specific 
zones.  The  very  low  cost  of  the  pavement 
pressuremeter  compared  to  the  falling 
weight  def lectometer  makes  it  very 
attractive  economically. 

MODULUS  AND  LIMIT  PRESSURE  FROM  THE 
PAVEMEN .  PRESSUREMETER 

A  modulus  E  can  be  obtained  from  an 
un ! oad - re  1 oad  loop  on  the  pressuremeter 
curve  (Figure  3).  The  equation  is 
(Baguelin  et  al . ,  1978;  Briaud,  1990): 
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The  limit  pressure  p^  can  be  obtained 
by  manual  extension  of  the  pressuremeter 
curve  to  a  value  of  A/?/R0  equal  to  0.41  + 
1.41  (A/P0/7?0)  where  AA“0  is  the  increase  in 
probe  radius  when  the  probe  comes  in 
contact  with  the  borehole  wall.  The  limit 
pressure  pl  is  the  pressure  corresponding 
to  this  point  on  the  A R/Ra  axis  (Figure 

3). 

CHART  METHOD 

There  are  essentially  two  sets  of 
techniques  to  design  a  pavement,  one  is 
based  on  the  use  of  charts,  one  is  based 
on  the  use  of  computer  programs  modelling 
the  pavement  and  subgrade  as  a  multilayer 
system.  In  the  chart  method  the  subgrade 
is  characterized  by  an  average  stiffness. 
The  total  thickness  of  pavement  necessary 
is  given  in  a  chart  as  a  function  of  this 
average  stiffness  and  of  the  design  vehicle 
for  a  given  level  of  traffic.  Such  an 
approach  was  proposed  by  Briaud  (1979)  for 
the  design  and  overlay  of  airport  flexible 
pavements  in  Canada. 

In  this  procedure  the  modulus  was  the 
reload  modulus  taken  between  points  A  and 
B  on  Figure  3.  Note  that  in  this  case  the 
pressure  is  brought  back  to  the  initial 
pressure  before  reenflating  the  probe. 
Moduli  are  obtained  every  300  mm  (1  ft) 
down  to  a  depth  of  1.5  m  (5  ft).  These 
five  modulus  values  are  averaged  using  an 
assumed  but  reasonable  strain  distribution 
under  the  wheel  load  (Briaud,  1979)  : 
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where  f ,  is  the  reload  modulus  obtained  at 
the  shallowest  depth  and  F2,  F3,  F,,  Fs  are 
the  reload  moduli  corresponding  to  the  next 
four  test  depths  (300  mm  ( 1  ft)  increment)  . 
The  chart  is  presented  in  Figure  4.  Note 
that  an  aircraft  load  rating  (ALR)  of  12 
corresponds  to  a  Boeing  747  while  an  ALR 
1  is  a  very  small  private  plane  (Transport 
Canada ,  1968)  . 

LOAD  RATING  OF  PAVEMENTS 

It  was  mentioned  earlier  that  the 
ultimate  bearing  capacity  of  a  pavement  is 
rarely  of  concern  in  the  design.  There 
are  some  exceptions  to  this  statement.  For 
example,  a  small  airport  may  have  a  demand 
for  some  large  aircraft  landings  or  a 
secondary  road  may  have  a  sudden  increase 
in  truck  traffic  due  to  construction  on 
the  main  highway.  In  these  cases  it  becomes 
necessary  to  rate  the  pavement  for  the 
maximum  load  that  can  be  carried.  The 
pavement  pressuremeter  is  ideal  in  this 
case.  The  following  equation  is  given  to 
evaluate  the  tire  pressure  p„,,x  which  will 
lead  to  failure  of  the  pavement  by 
punch i ng . 
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where  P  and  A  are  the  perimeter  and  contact 
area  of  the  tire  imprint,  t  is  the  thickness 
of  the  surface  course,  s  is  the  shear 
strength  of  the  surface  course  material, 
a  is  a  coefficient  representing  the 
condition  of  the  surface  course  (a  -  1  for 
perfectly  intact  surface  course,  a-0  for 
full  depth  extreme  cracking  of  the  surface 
course) ,  and  pL  is  the  limit  pressure  of 
the  first  300  mm  (1  ft)  of  material  below 
the  surface  course.  This  equation  assumes 
that  the  surface  course  will  shear  ver¬ 
tically  along  the  perimeter  of  the  tire 
imprint  and  that  the  bearing  capacity  of 
the  material  below  is  equal  to  p L.  This 
bearing  capacity  comes  from  the  experience 
gathered  in  foundation  engineering 
( Briaud ,  1990) . 

MODULUS  AS  A  FUNCTION  OF  STRESS,  STRAIN, 
RATE  AND  CYCLES 

The  soil  modulus  is  influenced  by  many 
factors.  The  major  influencing  factors 
are  the  strain  level,  the  stress  level, 
the  rate  of  loading  and  the  number  of  cycles 
to  which  the  soil  is  subjected.  The 
influence  of  the  stress  level  was  studied 
by  Janbu  (1963) .  Janbu's  work  was  followed 
by  the  work  of  Duncan  and  Chang  (1970). 
The  proposed  model  for  the  influence  of 
the  stress  level  is: 


(4) 


where  E,  is  the  initial  tangent  modulus 
(strain  -  0)  ,  Ois  the  mean  normal  effective 
stress,  k  is  a  unitless  modulus  number,  p„ 
is  the  atmospheric  pressure  and  n,  is  the 
stress  exponent. 

Once  the  initial  tangent  modulus  E,  has 
been  determined,  the  influence  of  the 
strain  level  can  be  incorporated .  This 
influence  was  studied  by  Kondner  (1963) 
who  proposed: 

~  a  *  be  (5) 


where  E  is  the  secant  modulus  at  a  given 
strain  f,  a  arid  b  are  the  strain  influence 
parameters . 

Once  the  modulus  can  be  obtained  for  any 
stress  and  strain  level,  the  influence  of 
the  rate  of  loading  can  be  incorporated. 
Riggins  (1981)  proposed  a  rate  effect  model 
for  undrained  shear  strength.  It  is 
extended  here  to  moduli: 


n , 


(6) 


where  E , .  are  secant  moduli  measured  by 
loading  the  soil  in  times  /,  and  l0 
respectively,  and  nr  is  the  rate  exponent. 


The  effect  of  repetitive  loading  on  the 
modulus  is  significant.  Idriss  et  al. 
(1978)  proposed  the  following  model: 


where  E v  and  E ,  are  the  secant  moduli  to 
the  top  of  the  Nc^  cycle  and  first  cycle 
respectively  and  nc  is  the  cyclic  exponent. 

By  regrouping  all  the  influence  factors 
it  comes: 


This  leaves  5  parameters  to  be  determined: 
K,n,.b  ,nr.nc.  The  following  pavement 
pressuremeter  test  was  developed  in  order 
to  obtain  those  five  parameters  from  one 
single  test. 

THE  PAVEMENT  PRESSUREMETER  TEST 

After  the  proper  saturation  and  cali¬ 
bration  of  the  equipment  (ASTM  D4719-87, 
Briaud  et  al.  1987,  Briaud,  1990)  the 
following  inflation  sequence  is  recom¬ 
mended  for  each  test  at  a  given  depth 
(Figure  5): 

1.  Inflate  the  probe  in  equal  volume 
increments  each  lasting  15  seconds. 
The  volume  increments  should  be  5  cm^  ; 
this  coresponds  to  2.27%  of  the  probe 
initial  volume  VQ  and  to  a  ;\R/R0  of 
1.13%.  The  field  curve  is  obtained 
by  recording  the  pressures  and  vol¬ 
umes  at  the  end  of  each  15  seconds 
increment . 

2.  Ten  cycles  are  performed  near  the  end 
of  the  elastic  or  straight  line 
portion  of  the  curve  where  the 
pressure  is  p.  The  end  of  the  straight 
line  portion  of  the  curve  is  deter¬ 
mined  during  the  test  by  recording 
the  increase  in  volume  At  and  the 
corresponding  increase  in  pressure 
A  p.  The  end  of  the  straight  line  is 
found  when  the  ratio  Ap/Ai  starts  to 
decrease.  Cycles  are  carried  out 
between  p  and  1/2  p.  Each  unloading 
step  or  reloading  step  lasts  15 
seconds . 

3.  Once  the  cycles  are  completed,  two  or 
three  5  cm^  volume  increments  are 
applied,  and  then  a  5  minute  creep 
test  is  conducted  with  pressure 
readings  taken  every  15  seconds. 

4.  Following  the  creep  test,  the 
expansion  of  the  probe  is  completed 
to  about  1.55  times  its  original 
volume  (this  requires  an  increase  in 
probe  volume  of  120  cm^)  or  until  the 
limit  of  the  pressure  gage  is  reached. 
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Ac  chis  point  the  probe  is  deflated 
using  the  following  decrements,  each 
lasting  15  seconds;  0.5,  1.0,  2.0, 
5.0  and  10  cm3  down  to  one -half  the 
maximum  pressure  (Figure  5). 

Once  this  is  reached,  the  probe  is 
inflated  by  inj  ecting  0 . 5  cm^  and  then 
deflated  by  withdrawing  0.5  cm^  to 
complete  the  cycle.  The  test  is 
completed  by  deflating  the  probe  in 
5  cnH  decrements . 


OBTAINING  MODULI  FROM  THE  PAVEMENT  PRES- 
SUREMETER  TEST  CURVE 

The  parameters  for  the  stress  level 
model,  k  and  can  be  obtained  from  the 
curve  as  follows.  Upon  deflation  of  the 
probe  two  moduli  are  calculated,  A,  over 
the  first  0.5  cm^  of  deflation,  and  A  z  over 
the  deflation  part  of  the  small  0.5  cm^ 
loop  midway  through  the  deflation  of  the 
probe  (A , and A2on  Figure  6).  The  moduli  A, 
and  F.  ?  are  calculated  using  equation  1; 
they  correspond  to  the  radial  stress  o,rl 
and  a, ,2  respectively.  The  stress  arr2  is 
approximately  0.5  arri.  It  has  been  shown 
(Jamiolkoswky  1986,  Briaud  et  al . ,  1987) 
that  a  reasonable  estimate  of  the  mean 
normal  stress  O  in  the  plastic  zone  around 
the  pressuremeter  is: 

0-i(0.8  orr+o0J  (9) 

where  or,  is  the  radial  stress  applied  to 
the  borehole  wall  and  a,,.  is  the  vertical 
stress  at  rest  at  a  depth  corresponding  to 
the  midheight  of  the  probe.  In  this  manner 
0,  is  calculated  for  a,rl  and  02  for  <j,,2. 
Knowing  A , , A? . 0 ,  and 02,  Equation  4  is  used 
to  backfigure  k  and  ns.  Note  that  in 
Equation  4,  0,or,.ot#  are  effective  stresses 
while  the  pressuremeter  gives  total 
stresses.  These  total  stresses  can  be  used 
if  the  soil  is  unsaturated  which  is  often 
the  case  for  pavements.  If  the  soil  drains 
fast  enough  the  pore  pressures  remain 
hydrostatic  and  can  be  taken  into  con¬ 
sideration.  In  saturated  silts  and  clays 
traffic  loading  represents  an  undrained 
behavior  of  the  soil  where  theoretically 
there  is  very  little  effect  of  the  stress 
level  on  the  modulus. 

The  parameters  for  the  strain  level 
model,  a  and  b  can  be  obtained  from  the 
curve  as  follows.  Upon  deflation  of  the 
probe  fo  moduli  are  calculated,  A,  over 
the  {'  0.5  cm-^  of  deflation,  and  F?  as 
a  secant  ; odulus  between  the  point  of  first 
deflation  and  the  point  where  the  probe  is 
first  reinfluted  during  the  deflation  of 
the  probe  (A ,  a  A,„  on  Figure  6)  .  The  moduli 
A,  and  l,  are  caiculaLed  using  Equation  1; 
they  correspond  to  the  hoop  strains  f  „01  and 


(  992  respectively.  Each  of  these  strains 
is  calculated  between  the  two  points  A  and 
B  which  define  the  slope  of  the  modulus 
(Briaud,  1990): 


where  Rr  is  the  average  cavity  radius 
between  A  and  B  (Figure  3),  A  A,,  and  A/?,.* 
are  the  increase  in  cavity  radius  for 
points  .1  and  B  respectively.  The  strains 
and  tO02  are  the  hoop  strains  in  the 
soil  at  the  wall  of  the  borehole  for  .1  and 
B.  It  has  been  shown  (Jamiolkowsky ,  1986; 
Briaud  et  al .  ,  1987)  that  a  reasonable 

estimate  of  the  mean  normal  strain  in  the 
soil  mass  is: 

(  99(  mean)  =  0.3?.c  e,(a  t  tlio  borpholp  11  a  II )  (I  1  ) 


Knowing  A  , .  A2 .  e9e ,  ( mea n)a nd  (  892(  mean) , 
Equation  5  is  used  to  backfigure  a  and  b . 

The  parameter  for  the  rate  effect  model, 
nr,  can  be  obtained  from  the  pressure 
holding  test  performed  during  the  infla¬ 
tion  of  the  probe  after  the  cycles.  The 
modulus  A  1  and  A 2  are  calculated  as  the 
secant  modulus  to  the  points  corresponding 
to  elapse  times  t ,  and  l2  (Asoand  AS1  on  Figure 
6).  The  elapse  times  t,  and  are  measured 
from  the  beginning  of  the  pressure  step. 
The  time  /,  is  taken  as  1  minute  and  (2  as 
5  minutes.  Knowing  E , . A2 ,  f , . t} ,  Equation  6 
is  used  to  backcalculate  n,. 

The  parameter  for  the  cyclic  model,  n. 
,  can  be  obtained  from  the  series  of  cycles 
performed  during  the  inflation  part  of  the 
test.  The  modulus  A ,  and  A2  are  calculated 
as  secant  modulus  to  the  points  corre¬ 
sponding  to  the  top  of  cycle  1  and  10 
(A0andAl0  on  Figure  6).  Knowing  A  , .  A  2 .  .V  , . 
and  N  ,0.  Equation  7  is  used  to  backfigure 
rt,. 

FIELD  EXPERIMENTS 

Tests  were  performed  at  3  airports  in 
Texas:  College  Station,  San  Antonio,  and 
Possum  Kingdom.  The  College  Station 
pavement  is  made  of  150  mm  (6  in.)  of 
reinforced  concrete,  100  mm  (4  in.)  of 
granular  base  course  underlain  by  a  clay 
subgrade.  The  San  Antonio  pavement  is  made 
of  400  mm  (16  in.)  reinforced  concrete, 
200  mm  (8  in.)  of  asphalt  concrete, 
underlain  by  a  very  stiff  clay.  The  Possum 
Kingdom  airport  is  made  of  50  mm  (2  in.) 
of  asphalt  concrete,  50  mm  (2  in.)  of 
gianular  base  underlain  by  dense  sand. 
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Three  types  of  tests  were  performed  for 
each  site  :  pressuremeter  tests,  cyclic 
triaxial  tests  and  Falling  Weight 
Deflectometer  tests.  The  pressuremeter 
tests  were  performed  every  300  mm  (1  ft) 
down  to  1.5  m  (5. ft).  Moduli  were  obtained 
as  previously  described.  Samples  were 
taken  and  placed  in  the  triaxial  cells, 
with  great  difficulty  for  the  sand. 
Resilient  moduli  were  obtained  from  the 
cyclic  triaxial  tests  by  following  the 
established  procedure  (Barker  and  Brab- 
ston,  1975).  The  Falling  Weight  Deflec¬ 
tometer  consists  of  dropping  a  weight  on 
the  pavement  (Briaud  et  al.,  1987).  The 
impact  force  can  vary  from  7.5  kN  (1500 
lbs)  to  120  kN  (24000  lbs).  Geophone  data 
lead  to  the  measurement  of  the  pavement 
deflection  under  this  dynamic  load. 

The  moduli  and  moduli  model  parameters 
obtained  from  the  pressuremeter  and  the 
cyclic  triaxial  tests  were  used  in  a 
multilayer  elastic  computer  program  in 
order  to  predict  the  deflection  of  the 
pavement  under  the  FWD  load.  In  each  layer 
the  modulus  was  chosen  to  correspond  to 
the  anticipated  stress  and  strain  level. 
For  the  concrete  and  asphalt  layers  the 
conventional  modulus  values  were  input. 
The  deflections  were  predicted  for  the 
three  airports  and  for  each  load  level  used 
in  the  FWD  test.  Comparisons  with  the 
measured  deflections  are  presented  on 
Figure  7.  These  comparisons  showed  that 
in  sand  the  main  factor  influencing  the 
modulus  is  the  stress  level  while  in  clay 
it  is  the  strain  level. 

CONCLUSIONS 

The  pavement  pressuremeter  was  devel¬ 
oped  in  1976  and  has  been  studied  for  over 
10  years  off  and  on.  It  is  now  ready  for 
commercial  use.  It  has  been  shown  that  it 
is  inexpensive  compared  to  the  cyclic 
triaxial  apparatus  and  the  Falling  Weight 
Deflectometer  and  that  it  can  give  the 
proper  layer  moduli  to  calculate  small 
pavement  deflections.  Alternatively  a 
chart  approach  can  be  used.  Also  the 
pavement  pressuremeter  can  help  in  load 
rating  light  pavements. 
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MONITORING  PAVEMENT  RESPONSES 
TO  TRAFFIC  LOADS 


J.T.  Christison  Alberta  Research  Council 


ABSTRACT 

Instrumentation  capable  of  recording 
strains  and  deflections  under  static  and 
moving  wheel  loads  has  been  installed  in  a 
number  of  pavement  structures.  Tests  at 
the  instrumented  sites  have  yielded  de¬ 
tailed  pavement  response  measurements  un¬ 
der  a  wide  variety  of  traffic  loading  con¬ 
ditions  and  pavement  temperatures.  The 
paper  presents  an  overview  of  the  instru¬ 
mentation.  Installation  procedures  and 
the  data  acquisition  system  developed  for 
monitoring  the  responses  are  described. 
Typical  recorded  pavement  response  pro¬ 
files,  together  with  results  of  pre¬ 
liminary  analyses  carried  out  to  identify 
trends  in  the  magnitude  of  asphaltic 
concrete-base  layer  interfacial  tensile 
strains  in  different  structures  with 
variations  in  pavement  temperature,  are 
presented . 

INTRODUCTION 

In  the  early  1970 ' s  the  Alberta  Re¬ 
search  Council,  in  cooperation  with 
Alberta  Transportation  and  Utilities,  com¬ 
menced  development  of  i nstrumentat 1  on  and 
a  data  acquisition  system  for  monitoring 
structural  responses  of  flexible  pavements 
to  traffic  loads.  The  primary  objective 
of  this  research  effort  was  to  obtain 
needed  field  information  for  assessinr 
relative  destructive  effects  of  vehicle 


a x  1  ■_  loads  and  configurations  on  pave¬ 
ments.  Following  a  number  of  field  trials 
and  equipment  design  modifications,  an  in¬ 
strumented  pavement  test  facility  for  re¬ 
cording  traffic  induced  strains  and  de¬ 
flections  was  successfully  constructed  in 
the  summer  of  1973  (Ref.  1).  This  facil¬ 
ity,  located  approximately  30  km  (18  mi) 
northwest  of  the  City  of  Edmonton,  has 
been  followed  by  other  local,  national  and 
internat  ional  installations. 

Referring  to  previously  documented 
descriptions  of  the  instrumented  sites 
(Refs.  1,2, 3, 4, 5),  this  paper  presents  a 
brief  description  of  the  transducers  used 
to  measure  the  pavement  strains  and  de¬ 
flections.  Procedures  for  installing  the 
instrumentation  dur  incj  construction  of  a 
new  pavement  structure  and  operational 
features  of  the  data  acquisition  system 
and  related  peripherals  are  described. 
Pavement  impact/vehirle  load  investiga¬ 
tions  carried  out  at  Alberta  test  sites 
b’ve  yielded  longitudinal  asphaltic 
oncrete-base  layer  interfacial  strains 
produced  by  an  80  kN  (18000  lb)  single 
axle-dual  tire  load  over  a  wide  range  of 
asphaltic  concrete  temperatures.  Using 
these  response  measurements,  preliminary 
analyses  have  been  conducted  to  detect 
trends  in  the  magnitude  of  in  situ  tensile 
strains  with  temperature.  This  paper  sum¬ 
marizes  results  of  these  analyses. 
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PAVEMENT  RESPONSE  INSTRUMENTATION 

The  developed  instrumentation  con¬ 
sists  of : 

i)  sheet  asphalt  plates  with  embedded 
wire  resistance  strain  gages,  to  measure 
the  horizontal  strains  and, 

n)  surface-set  linear  variable  differ¬ 
ential  transformer  (DC-DT)  assemblies,  to 
measure  total  deflections. 

The  asphalt  plates  are  laboratory 
prepared.  150  mm  square  by  12  mm  thick, 
and  consist  of  a  mastic  mix  in  which  two  - 
120  ohm  strain  gages  are  embedded.  The 
dual  gauge  configuration  provides  backup 
should  failure  occur  on  one  gauge.  The 
gauges  can  be  positioned  in  any  direction 
on  the  horizontal  plane. 

The  primary  component  of  a  deflection 
transducer  assembly  is  a  commercially 
available  linear  variable  differential 
transformer.  A  housing  is  fabricated  to 
hold  the  coil  of  the  transformer  in  a 
fixed  position  relative  to  the  pavement 
surface.  A  deep  set  reference  rod  provides 
the  zero  datum  for  the  transducer  core. 


Installation  Procedures 

General  cross-sectional  views  of 
strain  and  deflection  i nstrumentat ion  in¬ 
stalled  in  a  full-depth  asphalt  pavement 
are  shown  in  Figures  1  and  2,  respec¬ 
tively.  The  triplicate  configuration 
layout  across  the  outer  wheel  path,  shown 
in  these  figures,  minimizes  the  number  cf 
test  runs  required  to  define  maximum 
strains  and  deflections  under  a  given 
load  ing. 

The  strain  carriers  are  installed  im¬ 
mediately  prior  to  the  application  of  sub¬ 
sequent  pavement  lifts.  This  decreases 
potential  gauge  damage  due  to  construction 
traffic.  When  necessary  the  plates  are 
protected  by  barricades  and  approx  imate ly 
a  25  mm  covering  of  the  base  or  surfacing 
material  of  the  succeeding  layer.  Elec¬ 
trical  connections  for  the  differential 
transformers  are  set  into  the  subgrade  or 
base  and  referenced  accurately.  After 
paving,  these  locations  are  cored,  a  cas¬ 
ing  is  installed  to  a  depth  of  approxi¬ 
mately  2.5  m  into  the  subgrade,  and  a 
reference  pipe  having  a  minimum  length  cf 
3.5  m  is  driven  to  a  reference  depth  of 


?  I  ?mm  Strain  f.aqes 
Imbedded  In  I  ?mm 
Sheet  Asphalt 


lop  View 

Typical  Strain  Carrier 


Figure  1  Strain  Transducer  Installation  (Ref.  3) 
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Figure  2  Deflection  Transducer  Installation  (Ref.  3) 


190  mm  below  the  pavement  surface.  The 
space  between  the  casing  and  subsoil  is 
backfilled  with  sand  and  a  100  mm  diameter 
steel  casing,  for  housing  the  LVDT  during 
testing,  is  placed  flush  with  the  pavement 
surface  and  grouted  in  place.  A  steel  cap 
bolted  to  this  casing  provides  water¬ 
proofing  and  access  to  the  port  for  trans¬ 
ducer  i  nsta  1 1  at  ion  .  All  control  cables 
leading  from  the  transducers  are  buried  in 
the  subgrade  or  base  and  are  run  to  a 
junction  box  at  the  edge  of  the  pavement 
surface  for  connection  to  the  data  acqui¬ 
sition  cystem. 

Service  Life  and  Maintenance 

Experience  has  shown  that  strain 
transducers  surviving  construction  traffic 
usually  remain  operational  for  the  service 
life  of  the  pavement.  (Transducers  in¬ 
stalled  in  1973  at  the  original  test  site 
in  Alberta  are  currently  functioning  al¬ 
though  the  highway  has  been  rehabilitated 
and  the  site  is  no  longer  used  as  a  test 
facility.) 

The  LVDTs  and  housings  are  removed 
from  the  pavement  casings  when  not  in  use 


and,  therefore,  maintenance  of  the  LVDT 
units  is  limited  to  general  cleaning.  The 
permanently  installed  casings  housing  the 
deflection  transducers  are  subjected  to 
traffic  and  the  environment.  These  fac¬ 
tors  can  result  in  deterioration  of  the 
grout  and  subsequent  movement  of  the  cas¬ 
ings.  If  this  occurs,  casing/asphalt  con¬ 
crete  surface  regrouting  is  required. 

DATA  ACQUISITION  SYSTEM 

The  data  acquisition  system  is  de¬ 
signed  to  record  stresses,  strains  and  de¬ 
formations  under  both  static  and  moving, 
creep  to  +  120  km/hr,  wheel  loads.  The 
system  is  developed  around  a  (PDP11/24) 
digital  computer  with  various  peripherals 
and  is  housed  in  a  van  having  a  self  con¬ 
tained  power  source  for  field  operations. 
Tne  peripherals  include  dual  disks  for 
system  operation  and  mass  storage,  a  sig¬ 
nal  condition  system,  real  time  clock 
which  permits  variable  sampling  rates  and 
enables  the  time  of  each  recorded  event  to 
be  defined,  video  and  a  hard  copy  terminal 
and  a  digital  plotter.  The  system  is  ca¬ 
pable  of  addressing  16  channels  in  random 
or  sequential  order. 
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Operations  of  the  acquisition  system 
under  moving  wheel  load  conditions  are 
general ized  in  F igure  3. 


Figure  3  Operations  of  Data  Acquisition 
System  (Ref.  3) 

The  following  presents  a  brief  de- 
scr’ptior  of  each  of  these  operations. 

User  Inputs 

The  operator  inputs  via  the  video 
terminal  the  number  of  transducers  being 
monitored,  transducer  calibration  factors, 
a  scan  delay  time,  the  distance  from  a 
tape  switch  position  upstream  of  the  in¬ 
strumentation  to  the  strain  transducers 
and  the  number  of  axles  on  the  oncoming 
vehicle.  The  calibration  factors  are  used 
to  convert  the  recorded  voltage  signals  to 
engineering  terms.  The  scan  delay  is  the 
t’me  interval  between  each  cyc'e  in  which 
all  transducers  are  monitored.  The  dis¬ 
tance  between  the  tape  switch  and  strain 
transducers  is  used  for  vehicle  velocity 
ca 1 cu 1  at i ons . 


Activation  of  Data  Acquisition  System 

The  acquisition  system  is  activated 
when  the  first  axle  of  the  oncoming  ve¬ 
hicle  traverses  the  tape  switch.  (Activa¬ 
tion  can  also  be  carried  out  by  cperator 
command.)  At  this  time  sampling  ;f  all 
designated  transducers  commences  at  a  set 
scan  rate  and  the  preselected  delay  time. 

Data  Sampling,  Storage  and  Transfer 

Signals  from  transducers  are  multi¬ 
plexed  and  converted  from  analog  to 
digital  at  a  rate  of  50  usec/transducen . 
After  tne  preselected  delay  time  sampling 
continues.  This  samp  1 ing-de lay  time  cycle 
is  repeated  until  a  selected  buffer  is 
filled.  Data  is  than  transferred  to  disk 
in  sequential  format. 

User  Options 

The  operator  can  select  to  pe'form  an 
immediate  computer  analysis  of  the  data  or 
initialize  the  system  for  a  subsequent 
test  series.  The  latter  option  enables 
monitoring  of  on-line  traffic. 

Computer  Analysis  of  Data 

Data  for  the  analysis  routine  is 
transferred  from  disk  to  memory  and 
maximum  and  minimum  reacings  recorded  un¬ 
der  each  axle  by  each  transducer  are  ob¬ 
tained  by  successive  comparisons.  These 
transducer  outputs  are  then  converted  into 
engineering  terms  and  their  respective 
times  from  sequence  initiation  and  vehicle 
velocity  are  determined.  Velocity  is  cal¬ 
culated  using  the  defined  distance  between 
the  tape  switch  and  the  strain  transducers 
and  times  of  maximum  strain  response  re¬ 
corded  under  the  leading  axle  of  the  ve¬ 
hicle.  The  recorded  pavement  responses, 
event  times  and  vehicle  velocity  are  dis¬ 
played  on  the  video  terminal  and,  upon  op¬ 
erator  request,  a  hard  copy  image  of  the 
display  is  obtained. 

In  addition  to  video  and  hard  copy 
displays,  longitudinal  profiles  of  indi¬ 
vidual  transducer  readings  can  be  devel¬ 
oped  on  the  digital  plotter.  Typical  ex¬ 
amples  of  these  real  time  profiles,  show¬ 
ing  deflections  and  strains  monitored  un¬ 
der  a  five  axle  tractor  semitrailer,  are 
presented  in  F i gure  4 . 
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Figure  4  Typical  Recorded  Deflections  and 
Strain  Prof  lies 

INFLUENCE  OF  TEMPERATURE 
ON  PAVEMENT  STRAINS 

The  testing  procedure  used  to  evalu¬ 
ate  the  relative  destructive  effects  of 
axle  loads  and  configurations  on  pavements 
is  described  in  Refs.  3  and  4.  Briefly, 
the  procedure  involves  recording  pavement 
response  under  both  the  test  vehicle  load¬ 
ing  condition  and  an  80  kN  (18000  lb) 
single  axle-dual  tire  load  of  a  Standard 
Benkelman  Beam  (Ref.  6)  vehicle.  Testing 
at  A.berta  sites  has  been  carried  out  over 
a  wide  range  of  asphalt  pavement  tem¬ 
peratures.  Using  tensile  strains  produced 
by  the  standard  80  kN  (18000  lb)  load  at 
vehicle  velocities  ranging  from  ap¬ 
proximately  45  to  50  km/h  (27  to  30  mph) 
at  three  instrumented  sites,  the  following 
presents  results  of  analyses  carried  out 
to  detect  trends  in  the  magnitude  of  the 
tensile  strains  with  variations  in  pave¬ 
ment  temperature. 

The  three  sites  include  a  280  mm 
full-depth  asphalt  pavement,  an  140  mm  as¬ 
phalt  concrete/170  mm  cement  stabilized 
granular  base  structure,  and  an  140  mm  as- 
nhalt  concrete/250  mm  granular  base  struc¬ 
ture.  (The  inTiuence  of  asphaltic  con¬ 


crete  temperature  on  mterfacial  tensile 
strains  for  the  full-depth  structure  has 
been  reported  in  Ref.  4.)  The  subgrade  of 
eacn  structure  consists  of  a  uniform,  high 
plastic  (OH)  clay,  with  finished  subgraae 
elevations  at  each  site  approximately 
1.2  m  (4  ft)  above  original  ground. 
Longitudinal  asphaltic  concrete/subsurface 
interfacia!  tensile  strains  incluced  in 
the  analyses  were  recorded  during  summer 
and  fall  months  when  subgrade  so'ls  were 
unfrozen.  Temperatures,  at  the  time  of 
testing,  were  recorded  using  thermo¬ 
couples  positioned  at  the  surface,  one- 
third  and  two-third  deptns.  and  the 
asphalt  concrete-base  layer  interface  in 
each  structure.  The  average  of  the  four 
temnerature  readings  was  used  as  the  inde¬ 
pendent  variable  in  the  analyses.  The 
minimum  data  population  size  available  for 
analysis  consisted  of  30  average  tens’ie 
strain  measurements  at  pavement  tempera¬ 
tures  ranging  from  8'C  to  30'C  (46‘F  to 
86"F)  for  the  cement  stabilized  base 
structure. 

From  regression  analyses,  the  tem¬ 
perature/  interf  ac  la  1  tensile  strain  trend 
for  each  of  the  three  structures  is  shown 
i n  F i gure  5  . 


Figure  5  Asphaltic  Concrete  Temperature/ 
Tensile  Strain  Trends 

Interfacial  tensile  strains  are  highly  de¬ 
pendent  on  temperature  and  for  each  struc- 
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ture  increase  by  a  factor  of  approximately 
three  as  average  asphaltic  concrete  tem- 
ieratu'2  increases  from  10°C  to  30°C  (50°F 
to  86°F).  At  a  given  temperature,  tensile 
strains  are  maximum  in  the  untreated  gran¬ 
ular  base  structure  and  minimum  in  the 
cement  stabilized  base  pavement.  Based  on 
the  hypothesis  that  pavement  distress  such 
as  asphaltic  concrete  fatigue  is  a  func¬ 
tion  of  the  stafe  of  strain  induced  by 
traffic  loads  the  field  measurements  re- 
flect  the  importance  of  accurately  incor¬ 
porating  the  temperature  dependency  of 
highway  construction  materials  in  design 
and  evaluation  processes.  Further  pave¬ 
ment  response  analyses,  incorporating  ad¬ 
ditional  pavement  structures  and  en sur¬ 
passing  a  range  of  vehicle  velocities,  are 
ongo  mg . 

SUMMARY 

Instrumentat ion  for  recording  struc¬ 
tural  responses  of  asphalt  pavements  to 
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USE  OF  THE  MULTIDEPTH  DEFLECTOMETER 
FOR  DEFLECTION  MEASUREMENTS 


Tom  Scul 1  ion 


A1  J.  Bush  III 


ABSTRACT 

The  Multi -Depth  Defl ectometer  (MOD) 
is  an  LVDT  deflection  measurinq  device 
which  is  retrofitted  into  paven.ent  layers. 
A  maximum  of  six  MDD  modules  may  be 
installed  in  a  single  38mm  (1.5  inch) 
diameter  hole.  The  center  core  is 
attached  to  an  anchor  located 
approximately  2.1m  (7  ft)  below  the 
pavement  surface.  Under  the  passage  of  a 
single  load  the  MDD  can  be  used  to  measure 
the  depth  deflection  profile  and  the 
induced  vertical  compressive  strains. 

After  repeated  loads  the  MDD  can  be  used 
to  measure  the  permanent  deformations  in 
each  of  the  pavement  layers. 

In  this  paper  the  authors  describe 
the  MDD,  the  installation  procedure  and 
document  observations  made  in  full-scale 
experimental  test  pavements.  These 
pavements  were  loaded  with  a  Falling 
Weight  Defl ectometer  (FWD)  and  trucks  with 
different  tire  pressures  276  kPa  and 
758  kPa  (40  psi  and  110  psi).  Analysis  is 
included  to  illustrate  how  the  MDD  depth 
deflection  profile  can  be  used  to 
backcalculate  layer  moduli.  These  moduli 
values  are  then  compared  with  those 
backcalcul ated  using  the  FWD  surface 
deflections.  Distinct  tire  pressure 
effects  were  noted  in  the  measured 
vertical  compressive  strains,  temperature 
effects  were  also  identified. 

A  permanent  MDD  monitor  site  is  under 
development  in  Texas  which  will  include  a 
flush  mounted  MDD  together  with  low  cost 


Texas  Transportation  Institute 
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Waterways  Experiment  Station 
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weigh-in-motion  and  speed  sensors.  This 
will  be  able  to  identify  the  speed,  weight 
and  strains  induced  by  each  axle  in  the 
traffic  stream.  Another  research  activity 
is  the  mounting  of  an  accelerometer  on 
the  center  core  which  will  monitor  anchor 
movement. 

The  MDD's  installed  to-date  have 
performed  very  well  and  they  have  the 
potential  for  becoming  excellent  tools 
for  long  term  pavement  monitoring. 


INTRODUCTION 

The  Texas  Transportation  Institute 
(TTI)  has  been  evaluating  Multidepth 
Deflectometers  (MDD)  as  pavement 
instrumentation  tools  since  early  1988 
(Scullion  and  Uzan,  1988).  The  system  was 
developed  in  South  Africa  and  has  been 
used  extensively  as  an  integral  part  of 
their  accelerated  pavement  loading  program 
(Basson  1981,  DeBeer  1988).  The  MDD  is 
typically  installed  at  the  layer 
interfaces  and  is  used  to  measure  both  the 
transient  relative  depth  deflection 
profile  and  the  permanent  deformations  in 
each  layer.  Figure  1  shows  a  schematic  of 
a  typical  MDD  which  consists  of  modules 
with  Linear  Variable  Differential 
Transformers  (LVDTs). 

The  MDD  modules  are  locked  in 
position  by  turning  the  clamping  nut  which 
forces  the  steel  balls  outwards  clamping 
them  against  the  sides  of  the  hole.  The 
interconnecting  rod  is  adjustable  and 
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Figure  1.  Components  of  a  MDD  Module. 
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contains  LVDT  cores  at  spacings  which 
coincide  with  the  module  placement.  A 
typical  MDD  installation  is  shown  in 
Figure  2.  In  practice  up  to  six  modules 
may  be  placed  in  a  single  hole.  The 
interconnecting  rod  is  fixed  to  an  anchor 
located  at  approximately  2.1m  (7  ft)  below 
the  pavement  surface.  When  data  is  being 
collected,  a  reinforced  connector  cable  is 
attached  which  links  to  the  data-capture 
system.  When  the  MDD  is  not  in  use,  a 
brass  surface  cap,  which  is  flush  with  the 
surface,  completely  seals  the  hole. 


Installation  Procedure 

In  order  for  the  MDD  to  operate 
effectively,  special  care  has  to  be 
exercised  in  installing  the  unit.  A 
percussion  drill  and  a  specially  designed 
drilling  rig  are  used  to  ensure  a  clean, 
vertical  test  hole.  A  38mm  (1.5  inch) 
diameter  hole  is  drilled  to  a  depth  of 
approximately  2.1m  (7  feet).  The  top 
25mm  (1-inch)  of  the  pavement  is  drilled 
with  a  64mm  (2.5-inch)  drilling  bit  for 
installation  of  the  top  cap.  The  hole  is 
then  lined  with  2.5mm  (0.1-inch)  thick 
lining  tube  and  the  voids  between  the  tube 
and  the  wall  are  filled  with  a  rubber 


Figure  2.  Pavement  cross-section  after 
MDD  installation. 

grout.  The  flexible  lining  tube  provides 
waterproofing,  a  smooth  surface  and 
minimizes  "cave-ins".  The  MDD  anchorpin 
is  locked  in  place  using  a  fast  setting 
cement/sand  paste. 

The  MDD  modules  are  installed  into 
the  correct  predetermined  position  using 
an  installation  tool  especially  designed 
for  the  purpose.  The  module  is  guided  to 
the  correct  position  in  the  test  hole  and 
secured  by  turning  the  clamping  nut  at  the 
top  of  the  MDD  module.  Similarly  all  the 
other  modules  are  installed.  Once  the 
modules  are  fixed  in  place,  they  are 
calibrated  before  use.  The  complete 
installation  takes  approximately  1  1/2 
days.  The  hole  is  drilled,  lined  and  the 
anchor  is  installed  during  the  first  day; 
the  rubber  grout  needs  approximately 
12  hours  to  set  (depending  on  the 
temperature).  On  the  second  day  the  MDD 
modules  are  installed  and  calibrated. 

One  of  the  major  advantages  of  the 
MDD  is  that  the  modules  can  be  extracted 
from  the  hole  once  testing  is  complete. 
With  reference  to  Figure  2,  the  only  parts 
of  the  system  which  cannot  be  extracted 
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are  the  anchor  and  hole  lining.  The  MOD 
modules,  center  core,  snap  head  connector 
and  surface  cap  can  be  recovered  for 
future  use. 

LVDT  Selection 

There  are  several  factors  which  must 
be  considered  when  selecting  the 
appropriate  LVOT.  These  include  range, 
sealed  vs.  unsealed  and  type  of  LVDT.  To 
date,  both  the  E300  (range  plus/minus 
7.6mm  or  0.30  inch)  and  E100  series  LVDTs 
have  been  used.  Typical  MDD  readings 
under  FWD  or  Truck  loadings  and  less  than 
2000  Mm  (79  mils).  Using  the  E300  series 
may  require  signal  amplification,  however 
they  are  easier  to  install  and  are 
recommended  for  long  term  testing.  The 
E100  series  may  not  require  amplification, 
but  are  more  difficult  to  install  and  can 
go  out  of  range  as  the  pavement  deforms. 

Hermetically  sealed  LVDT  can  be 
purchased  and  their  use  is  recommended 
when  long  term  monitoring  >  1  year  is  to 
be  performed.  Unsealed  units  have  L-en  in 
operation  for  12  months  at  the  Texas  A&M 
Research  Annex  without  problem.  The  MDD 
hole  is  sealed  so  this  prevents  excessive 
moisture  from  entering,  although 
condensation  tuild  up  does  occur. 

Unsealed  units  cost  $30  to  $40,  the 
hermetically  scaled  units  cost  $250  to 
$350. 

Only  AC  LVDT's  have  been  used, 
although  DC  units  are  available.  The  AC 
units  require  external  signal 
conditioning,  whereas  the  DC  units  have 
the  signal  conditioner  built  in.  Although 
the  DC  units  would  replace  the  expensive 
signal  conditioner  unit,  little  is  known 
of  their  durability.  The  AC  units  are 
known  to  be  extremely  reliable. 


Data  Capture 

TTI  had  developed  a  specialized  data 
acquisition  system  for  logging  MDD  pulses 
under  Fal 1 ing  Weight  Deflectometer  and 
truck  loads.  A  Compaq  386/20 
microcomputer  is  used  with  a  Data 
Translation  circuit  board,  a  sampling  rate 
of  5000  reading  per  channel  per  second  is 
used.  Under  FWD  loading  a  60  millisecond 
recording  interval  is  used.  Triggering 
has  been  automated  based  on  a  response  of 
any  of  any  sensor  greater  than  a  preset 
trigger  level.  The  pretrigger 


information,  100  data  points,  is  stored 
and  is  included  in  the  output  record.  For 
recording  truck  data,  the  truck  length  and 
speed  are  input,  the  sampling  rate  is 
automatically  calculated  and  the 
triggering  is  automated.  For  trucks  1000 
data  points  per  channel  are  stored.  The 
files  created  are  read  directly  into  LOTUS 
for  display  and  analysis. 


USES  OF  MDD 

The  MDD  is  used  to  monitor  the 
pavement  response  under  a  single  load  or 
performance  in  repeated  load  tests.  Under 
a  single  load  the  MDD  measures  the 
relative  deflection  between  its  position 
and  the  anchor.  When  the  MDD  is  installed 
the  no  load  output  voltage  is  recorded. 
After  repeated  load,  changes  in  the  no- 
load  reading  measures  the  permanent 
deformation  that  has  occurred.  By 
placing  the  MDD's  at  layer  interfaces,  it 
is  possible  to  monitor  the  deformation 
that  has  occurred  in  each  layer  of  the 
structure. 

To  date,  no  repeated  load  tests  have 
been  performed  using  MDD  in  the  USA, 
although  some  are  planned  for  the  summer 
of  1989.  However,  South  African 
researchers  have  conducted  numerous 
accelerated  load  tests  over  the  past 
decade  using  their  Heavy  Vehicle 
Simulators  (Freeme,  1982).  The  results  of 
one  of  these  investigations  is  shown  in 
Figure  3  (DeBeer,  1988).  This  shows  the 
performance  of  a  lightly  cemented  granular 
base  and  thin  surfacing  under  heavy  loads. 
As  shown,  the  induced  rutting  was 
measured  to  occur  primarily  in  the 
cemented  layer. 


LOAD  REPETITIONS,  THOUSANDS  1100  kN) 


Figure  3.  MDD  results  from  accelerated  road  tests. 
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Figure  4.  MOD  Installation  at  the  Texas  A&M  Research  Annex. 


In  the  remainder  of  this  paper  the 
observations  of  pavement  response  under 
Falling  Weight  Deflectometer  (FWD)  and 
Truck  loadings  are  presented.  The  FWD 
observations  are  discussed  in  the  next 
section. 


FALLING  WEIGHT  DEFLECTOMETER  TESTING 

A  Dynatest  Falling  Weight 
Deflectometer  was  used  to  test  the  three 
instrumented  sections  at  the  TTI  Research 
Annex,  Figure  4.  The  FWD  surface 
geophones  were  fixed  at  30bmm  (12- inch) 
spacing  in  all  tests.  With  the  current 
version  of  the  MDD  system  the  data 
acquisition  is  achieved  via  a  connector 
cable  as  shown  in  Figure  2.  This 
arrangement  prevents  the  FWD  loading  plate 
from  being  directly  lowered  on  top  of  the 
MDD  installation.  The  FWD  plate  is 
therefore  stationed  as  close  as  possible 
to  the  MDD  hole,  the  distance  from  the  MDD 
hole  to  the  edge  of  the  plate  is  usually 
set  at  50mm  to  100mm  (2  to  4  inches). 
Typical  MDD  response  under  FWD  loading  is 
shown  in  Figure  5.  This  being  for  Section 
12,  note  the  decreasing  deflection  with 
depth . 

To  evaluate  the  repeatability  of  the 
Multi-Depth  Defl ectometers ,  the  FWD  load 
was  dropped  14  times  on  Section  11.  The 
maximum  surface  deflections  (FWD)  and 
maximum  depth  deflections  (MDD)  were 
recorded  simultaneously  and  the  summary 
statistics  are  shown  in  Table  1.  Both  the 


Figure  5.  MDD  response  under  FWD  loading. 


Table  I.  Repeatability  Measurement  on  Section  11,  (n  -  14) 


FWD  and  MDD  are  highly  repeatable. 

In  general,  Non  Destructive  Testing 
of  pavements  is  performed  to  characterize 
the  in-situ  moduli  of  each  layer  in  the 
pavement  structure.  Several  schemes  are 
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available  by  which  surface  deflection  data 
can  be  used  to  compute  layer  moduli. 
Validation  of  the  results  of  the 
backcalcul ation  process  is  often  attempted 
by  comparing  the  results  with  laboratory 
determined  values.  This  process  is 
difficult  as  it  is  very  difficult  to 
approximate  the  stress,  environmental  and 
material  properties  that  exist  in  the 
field,  particularly  with  unbound  materials 
which  have  to  be  remolded.  It  is 
proposed  that  the  MDD  can  be  used  to 
assist  in  validating  the  results  of  the 
modulus  backcalculation  process.  By 
taking  surface  and  depth  deflections 
simultaneously  under  the  FWD  load  two 
independent  methods  are  available  for 
back  calculating  layer  moduli.  The  first 
using  the  FWD  load  and  surface 
deflections,  the  second  using  FWD  load 
and  depth  deflections. 

To  interpret  the  surface  deflections, 
the  backcalculation  scheme  proposed  by 
Uzan  was  used  (Uzan  and  Lytton,  1988). 

This  consists  of  using  a  linear  elastic 
program  to  generate  a  data  base  of 
theoretical  deflection  bowls  for  a  range 
of  modular  ratios.  Then  using  a  pattern 
search  technique,  the  measured  bowls  are 
matched  with  those  in  the  data  base  (Uzan 
and  Scul 1  ion,  1988; . 

To  interpret  the  depth  deflections  a 
modification  of  the  Uzan  scheme  was  used 
(Scullion  and  Uzan,  1988).  In  this  scheme 
the  data  base  now  consists  of  theoretical 
relative  depth  deflection  profiles.  The 
anchor  movement  is  calculated  for  each 
modular  ratio  and  automatically 
subtracted  from  the  layer  deflections  to 
simulate  the  MDD  measurements. 

The  FWD  and  MDD  values  collected  on 
each  of  the  three  sections  are  shown  in 
Tables  2,  3  and  4.  Section  8  was  modelled 
as  127mm  (5-inch)  asphalt  over  305mm 
(12-inch)  granular  base  and  305mm  (12- 
inch)  cement  stabilized  subbase,  Section 
12  was  modelled  as  127mm  (5-inch)  asphalt 
over  610mm  (24-inch)  granular  base. 

Section  11  was  modelled  as  25mm  (1-inch) 
asphalt  over  406mm  (16-inch)  granular 
base.  In  all  cases,  a  rigid  layer  was 
assumed  to  exist  at  6.3m  (250-inch).  The 
modulus  of  the  thin  surfacing  on  Section 
11  was  fixed  at  3450  MPa  (500  Ksi),  the 
modulus  of  all  the  other  layers  was 
calculated  from  either  the  surface  or 
depth  deflections.  The  results  of  the 
backcalculation  analysis  are  shown  in 
Table  5. 


Table  5  provides  a  means  of 
evaluating  if  layered  linear  elastic 
theory  (and  the  backcalculation  scheme 
used)  do  an  adequate  job  of  characterizing 
layer  moduli.  If  there  is  reasonable 
agreement  between  surface  and  depth 
deflection  moduli  then  it  can  be  concluded 
that  the  pavement  structure  has  been 
adequately  modelled.  For  the  three 
pavements  tested,  the  following  can  be 
concl uded . 

1)  Section  12  (Thick  asphalt  over  Ihick 
granular  base) 

There  is  good  correspondence 
between  the  layer  moduli, 
particularly  in  the  surface  and  base 
values.  The  high  surface  modulus 
9000  MPa  (1300  ksi)  is  realistic  as 
the  surface  temperature  at  the  time 
of  test  was  7“C  (45°F).  Subsequent, 
laboratory  tests  on  the  surface 
layer  has  yielded  moduli  in  this 
range.  It  can  be  concluded  that 
linear  elastic  theory  produces 
adequate  moduli  values  for  this 
pavement. 

2)  Section  8  (Thick  asphalt,  granular 
base  over  cement  stabilized  subbase). 

This  is  a  difficult  section  to 
analyze.  The  cement  stabilized  layer 
is  very  stiff  approaching  lean 
concrete.  As  shown  in  Table  2,  the 
MDD  could  give  some  surprising 
results.  Note  at  the  higher  load 
level,  there  is  little  difference  in 
deflection  between  MDD's  3,  4  and  5. 
This  inverted  deflection  bowl  is 
impossible  to  fit  with  linear  elastic 
theory  and  hence  the  large  errors 
were  observed  in  matching  measured 
and  calculated  deflections. 

Nevertheless,  at  the  low  load 
level  49.2KN  (11072  lbs),  there  is 
very  good  agreement  between  surface 
and  depth  modul i . 

3)  Section  11  (Thin  Surfacing  over 
thick  granular  base) 

There  is  poor  agreement  between 
surface  and  depth  deflection  moduli. 
Using  linear  elastic  theory  appears 
to  over  predict  the  modulus  of  the 
pavement  layers.  The  deflections  and 
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Table  2.  FWD  and  MuO  Maximum  Deflection  Data  for  Section  8 
at  TTI  Research  Annex 

(Edge  of  FWD  Plate  to  Center  of  MDD  hole  -  114mm  (4.5  inch)) 
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I 
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(20.1)  (500)  (39.2) 

146  9.9  ,  3450  254 

(21.2)  i  (500)  (36.9) 


77  .01 

(11.2) 

80  .05 

(11-6) 

84  .03 

(12.2) 


12 

- 

12 

3450 
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89  .03 

(500) 

(32.2) 

(12.9) 

48.4  |  8900  479 

i 

(10888)1  (129) )  (69.5) 


61.9  •  8400  455 

i 


143  4.9  9000  482 

20.7)  (1307)  (70.0) 


133  3.9  9700  467 

(19.3)  (14C5)  (67.9) 


127  2.1 

(18.4) 


99  1 .2 

(14.3) 


Table  5.  Comparison  of  Moduli  Independently  Calculated  using  Surface 
and  Oepth  Deflections. 

1.  E$.  E8'  EsB'  EsG  '  Moduli  of  Surface,  Base,  Subbase,  Subgrade 

2.  XError  -  The  error  per  sensor  between  measured  and  best  fit 
theoretical  bowl. 


3.  *  •  Hit  moduli  upper  limit 

strains  induced  in  the  base  course 
and  subgrade  were  measured  to  be  50 
to  100%  higher  than  those  predicted 
using  linear  elastic  theory.  It  is 
recommended  that  other  theories  be 
evaluated  for  modelling  this  pavement 
type. 

By  placing  MDD's  at  various  depths  in 
a  layer  permits  the  calculation  of  the 


average  vertical  compressive  strain  in 
that  layer,  simply  by  subtracting  the 
maximum  MDD  values  and  dividing  by 
the  distance  between  them.  Compressive 
strains  in  the  granular  base  course  were 
calculated  for  each  of  the  three  sections 
and  the  results  are  presented  in 
Figure  6.  It  is  noted  that  the  strains  in 
both  Section  8  and  12  appear  to  increase 
linearly  with  load  whereas  the  strains  in 
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Section  11  are  considerably  higher  and 
have  a  distinct  curvilinear  relationship. 
This  appears  to  indicate  that  moving 
to  a  non-linear  stress  strain  relationship 
for  this  pavement  section  is  warranted. 


344  480  620  760  895  1030 

(50)  (70)  (90)  (110)  (1301  (150) 


FWD  Loading  Pressure  -•  kPa  (psl) 

Figure  6.  Vertical  Compressive  Strains  calculated  from 
Tables  2,  3,  and  4. 


RESPONSE  UNDER  TRUCK  LOADS 

Two  sections  at  the  Waterways 
Experiment  Station's  experimental  test 
track  were  instrumented  with  MDD's 
in  December,  1988.  The  layering 
information  and  MDD  locations  are  shown  in 
Table  6. 

Section  1?  has  127mm  (5-inch)  of 
asphaltic  concrete  directly  on  the 
subgrade  whereas  Section  10  has 
102mm  (4-inch)  of  surface  over 
102mm  (4-inch)  of  crushed  limestone  base. 
The  subgrade  at  both  sites,  was  lean  clay. 

Two  fully  loaded  standard  3S2 
vehicles  (18  wheelers),  one  with  all  tires 
at  a  pressure  of  276  kPa  (40  psi),  the 
other  with  pressures  of  758  kPa  (110  psi), 
were  used  to  test  the  pavements.  The 
loads  on  each  wheel  group  shown  are  in 
Table  7,  Wheel  group  1  being  the  single 
tire  steering  axle  all  other  wheel  groups 


Table  6.  Layer  Thicknesses  and  MDD  Locations  at  WES 


Table  7.  Loads  used  to  test  WES  Instrumented  Sections 


have  dual  tires. 

A  typical  MDD  output  for  the  high 
tire  pressure  truck  on  Section  10  is  shown 
in  Figure  7.  The  MDD  deflection  reponses 
for  each  of  the  truck's  5  axles  are 
clearly  visible.  These  curves  represent 
the  relative  deflection  responses  at 
depths  of  110,  265,  and  612mm  (4.3,  10.4, 
and  24.1-inch).  From  the  information 
shown  in  Figure  7,  it  is  relatively  simple 
to  compute  the  vertical  compressive 
strains  within  the  pavement  layers. 


WES  SfO  MULTIDFPTH  HEADINGS 

HIGH  mcsSUHF  1 1 10  f*SD  SPftD  «  3  MPM 


TIMf  (SFCS* 


Figure  7.  MOD  response  from  Section  10  at  WES. 


Average  base  strains  are  calculated  as  the 
deflection  measured  by  MDD  1  minus  MDD  2 
divided  by  the  distance  between  the 
sensors,  155mm  (6.1-inch).  Similarly 
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strains  is  the  subgrade  are  calculated  by 
MDD  2  minus  MOD  3  divided  by  the 
appropriate  sensor  spacing.  Figure  8 
shows  the  base  and  subgrade  strains 
calculated  from  the  deflection  bowls  shown 
in  Figure  7.  The  maximum  MOO  deflections 
and  strains  are  tabulated  below  in  Table 
8. 

The  summary  data  for  all  12  runs  (  2 
trucks  x  3  speeds  x  2  sections)  is 
presented  in  Table  9.  In  mis  table  only 
highest  maximum  deflections  are  reported 
(in  Table  8  axle  number  5  provided  the 
highest  maximum  deflection).  Note  in 
Section  10  three  MDD' s  were  installed, 
therefore  base  and  subgrade  strains  can  be 
calculated.  Section  12  had  no  base,  it 
consists  of  127mm  (5  inches)  of  asphaltic 
concrete  over  the  subgrade.  The  two  MDDs 
were  installed  in  the  subgrade  on  Section 
12,  therefore  only  subgrade  strains  can  be 
computed. 

The  subgrade  strain  results  for 
section  12  are  plotted  in  Figure  9.  In 
all  cases  the  high  tire  pressures 
increased  the  strain  at  the  top  of  the 
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Figure  8. 
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450  (17.71) 
746  (29.  19) 
759  (29.07) 
719  (29.29) 
789  (31.08) 


313  (12,11) 

‘89  ( 2 1  1 R ) 

604  (23.77) 

571  ( 22  .17) 

629  v.) 


Table  8.  Maximum  Deflection  ana  Strains  Sect,nn  1C. 


Section 

Tire 
Pressure 
kPa  (psl| 

rpood 

Km/l\r  (nfAi) 

10 

758 

6.9 

(110) 

(4.3) 

10 

758 

18.5 

(110) 

(11.5) 

10 

758 

38.1 

(110) 

(23.6) 

10 

276 

7.1 

(40) 

(4.*) 

10 

276 

16.1 

(40) 

(10.0) 

10 

276 

20.0 

(40) 

(17.4) 

12 

758 

4.3 

(110) 

(2.7) 

12 

758 

19.8 

(110) 

(12.3) 

12 

758 

31.0 

(110) 

(19.2) 

12 

276 

7.4 

(40) 

(4.6) 

12 

276 

18.2 

(40) 

(11.3) 

12 

276 

30.0 

(40) 

(10.6) 

Highest  Mix.  Deflection 
u  in  (mils) 


629  2*52 

(24.76)  (9.91) 

549  232 

(21.63)  (9.13) 

491  210 

(19.34)  (8.25) 

501  242 

’x22.zz)  o.::, 

-20  224 

(20.49)  (8.03) 

467  196 

(10.38)  (7.81) 


Stra  Iris 

Base  Subgrade 


Table  9.  Pavement  Response  to  High  and  Low  Pressures 
on  Instrumented  WES  Sections. 


subgrade  by  10  to  15  percent.  This 
vertical  compressive  strain  in  the 
subgrade  is  one  of  the  parameters  used  by 
pavement  designers  to  estimate  rutting  of 
the  structure.  'Usually  a  fourth  power 
relationship  is  employed  relating  strains 
and  pavement  life.  Using  such  a 
relationship,  a  10%  increase  in  subgrade 
strain  translates  to  over  a  30%  decrease 
in  life. 


WES  SECTION  12 

E*'ect  of  T‘re  Pressure  on  Vertical  Strains  m  Subgrace 
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Figure  9.  fffect  of  tire  pressure  on  suhqradc-  strains 


CONCLUSIONS  AND  RECOMMENDATION 

The  conclusions  of  this  study  are  as 
fol 1 ows : 

1)  The  MDD  appears  to  be  an  excellent 
tool  for  pavement  research,  it 
provides  the  capability  of  monitoring 
the  response  and  performance  of 
individual  layers  within  the 
structure.  The  system  is  durable  and 
gives  repeatible  responses.  An 
instrumented  site  has  been  in 
operation  at  the  Texas  A&M  Research 
Annex  for  over  one  year  without  any 
problems. 

2)  The  MDD  can  be  used  to  assist  in 
validating  modulus  backcalculation 
procedures.  The  layer  moduli 
obtained  from  interpreting  surface 
deflections  is  frequently  used  to 


estimate  critical  strains  within  the 
pavement  layers.  These  strains  can 
be  measured  with  the  MDD.  The 
results  presented  in  this  paper 
concluded  that  the  linear-elastic 
backcalculation  scheme  worked  well 
with  thick  125mm  (5-inch)  surfacing, 
but  poorly  on  the  section  with  thin 
25mm  (1-inch)  surfacing  and  thick 
granular  base.  On  the  thin  pavement, 
the  linear  elastic  approach  would 
have  under  estimated  vertical 
compressive  strains  by  50  to  100%. 

3)  Under  truck  loading  the  MDD  monitored 
that  as  tire  pressures  increased  from 
276  kPa  to  758  kPa  (40  to  110  psi), 
the  strain  at  the  top  of  the  subgrade 
increased  by  10  to  15%. 

Efforts  are  underway  in  Texas  to 
improve  the  MDD  system.  These  include  the 
fol 1  owing : 

1)  An  experimental  version  of  the  MDD  is 
being  developed  with  an  accelerometer 
(or  geophone)  mounted  on  the  center 
core  and  anchor.  This  will  permit 
measurement  of  the  actual  anchor 
movement,  which  can  then  be  compared 
with  the  calculated  movement. 

2)  The  top  cap  is  being  redesigned  so 
that  the  cables  can  be  placed  in  a 
shallow  saw  cut.  The  connector 
cable  will  no  longer  be  required. 

The  MDD  system  will  therefore  be 
permanently  installed  flush  with 
the  surface.  The  FWD  load  plate  can 
then  be  placed  oirectly  over  the  MDD 
hole. 

3)  An  evaluation  is  being  made  of  using 
DC  rather  than  AC  LVDT's.  The  DC 
units  are  simpler  to  use  and  will 
make  the  system  less  expensive  as  the 
signal  conditioner  box  will  no  longer 
be  required.  Howevei  ,  ui.i.  concern 

is  the  durability  of  the  DC  compared 
with  the  AC  units. 

It  is  also  planned  to  evaluate  if  the 
MDD  can  be  used  in  conjunction  with  new 
Weigh-in-Motion  technology  to  develop  a 
low  cost  pavement  instrumentation  system. 
In  the  near  future,  an  MDD  and  Piezo¬ 
electric  film  strip  will  be  installed 
beside  one  of  the  State's  exist  WIM 
Stations.  Such  a  system  would  be  able  to 
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record  for  each  axle,  the  axle  load,  and  5 
strains  induced  in  each  layer. 
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ABSTRACT 

This  paper  provides  an  overview  of 
the  state-of-che-art  of  Non-Destructive 
Testing  (NDT)  of  pavements,  primarily 
from  the  structural  response  per¬ 
spective.  For  the  most  part,  in  terms 
of  typical  equipment  currently  in  use, 
this  involves  measurement  of  surface 
deflections  under  applied  loads.  The 
various  measuring  device  categories, 
based  on  loading  characteristics,  are 
briefly  discussed,  i.e.  static  or  slow¬ 
ly  moving  load,  dynamic  vibratory  load, 
and  dynamic  impulse  load  Perceived 
advantages  and  disadvantages  of  the 
loading  characteristics  are  noted. 

Typical  currently  available  equipment 
in  each  category  is  briefly  described, 
and  data  on  the  operating  characteris¬ 
tics  of  each,  as  published  by  various 
researchers,  is  provided.  he  increas¬ 
ing  use  of  Falling  Weight  ef lectometers 
( FWDs )  is  discussed,  and  the  most  recent 
data  on  availability,  based  on  manu¬ 
facturer's  information,  is  provided. 
The  use  of  NDT  data  in  analyzing 
specific  phenomena  associated  with  pave¬ 
ments  in  cold  regions,  such  as  load 
restrictions  and  load  related  damage 
during  spring  thaw,  is  also  discussed. 


INTRODUCTION 


a  project  level  for  specific  rehabilita¬ 
tion  design  purposes.  Testing  techni¬ 
ques  for  evaluation  can  generally  con¬ 
sist  of  destructive  measures,  usually 
involving  removal  of  material  for  lab¬ 
oratory  testing  purposes,  or  in-situ 
non-destructive  testing  (NDT)  approach¬ 
es.  This  paper  provides  an  overview  of 
the  state-cf-the-art  of  pavement  NDT, 
primarily  from  the  structural  response 
perspective,  with  general  indications  of 
significant  applications  for  cold 
regions.  Other  NDT  techniques  are 
available  for  consideration  of  layer 
thicknesses,  shape  and  roughness,  sur¬ 
face  distress  and  surface  texture  (1). 
The  most  common  NDT  approach  for  pave¬ 
ment  structural  evaluation  involves  con¬ 
sideration  of  surface  deflections  under 
an  applied  load  using  various  types  of 
equipment,  ranging  from  the  Benkelman 
beam,  originally  used  in  1956  (4) ,  to 
the  current  equipment  of  choice  viz.  the 
Falling  Weight  Def lectometer  (FWD) . 
Other  approaches,  such  as  spectral 
analysis  of  surface  waves  (SASW)  (5,6) 
and  laser  measurements  of  deflections 
under  moving  loads  (7)  are  at  various 
stages  of  development  and  are  not  in 
common  usage  at  this  point. 


TYPES  OF  NDT  DEFLECTION  MEASUREMENTS 

The  commonly  used  NDT  equipment  for 
deflection  testing  can  be  categorized 
according  to  the  nature  of  the  load  ap¬ 
plied  to  the  pavement  surface.  Three 


Evaluation  of  pavement  condition  is 
desirable  from  both  a  network  level,  for 
pavement  management  system  purposes,  and 
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characteristic  loading  modes  currently 
exist:  static  or  slowly  moving  load, 

steady  state  vibratory  load  and  tran¬ 
sient  impulse  load.  Each  is  discussed 
briefly,  in  turn.  Complete  descriptions 
are  available  in  References  1,  2,  3  and 
4. 

Static  or  slowly  moving  load. 

Equipment  for  measuring  deflection 
that  falls  into  this  category  includes 
the  plate  leading  test,  the  Benkelman  or 
deflection  beams,  the  curvature  meter 
and  the  automated  deflection  beams  such 
as  the  California  Traveling  Deflec- 
tometer,  La  Croix  Def lectogr aph ,  the 
Transport  and  Road  Research  Laboratory 
(TRRL)  Pavement  Deflection  Data  Logging 
(PDDL)  machine,  and  the  CEBTP  Cur- 
viameter.  Use  of  this  type  of  equipment 
involves  a  realistic  load  magnitude, 
since  an  actual  vehicle  applies  the  load 
or  provides  the  reaction  frame.  The 
equipment  itself  varies  in  cost,  sophis¬ 
tication  and  complexity,  and  production 
capability  is  related  to  this.  For  in¬ 
stance,  the  automated  equipment  can 
provide  high  measurement  coverage,  tak¬ 
ing  deflection  measurements  at  3.5  to 
12m  (11  to  40  ft.)  spacings  while  moving 
at  a  speed  of  2  to  18  kph  (1.25  to  11 
mph)  (1,  4).  The  major  disadvantages 
associated  with  this  type  of  equipment 
are: 

(i)  Load  duration  is  typically  not 
representative  of  traffic  load 
duration.  Flexible  pavement 
material  response  is  affected  by 
load  duration,  so  that  the 
measured  deflections  may  not  be 
representative  of  those  expected 
under  dynamic  traffic  loads. 
This  is  illustrated  by  the  fact 
that,  for  instance,  Benkelman 
beam  deflections  depend  on  the 
technique  used  for  measurement 
i.e.  whether  the  rebound  method, 
where  the  probe  is  placed  be¬ 
tween  the  loaded  wheels  which 
are  then  moved  away,  or  the 
WASHO  method,  where  the  deflec¬ 
tion  is  measured  as  the  loaded 
wheels  approach  the  prebe,  is 
used.  The  automated  beams  pro¬ 
vide  measurements  similar  to  the 
WASHO  method,  which  may  be 
about  half  that  measured  using 
the  rebound  method  (1). 


(ii)  A  fixed  reference  point  is  re¬ 
quired,  and  this  is  provided 
by  the  beam  supports.  Prob¬ 
lems  arise  if  the  support 
points  fall  within  the  deflec¬ 
tion  basin  created  by  the 
wheel  load  (1 ,  4) . 

(iii)  Measurement  of  the  deflection 
basin  itself  is  difficult. 
Typically  only  center  deflec¬ 
tions  are  measured. 

Steady  state  vibratory  load. 

Equipment  falling  in  this  category 
includes  the  commonly  available  commer¬ 
cially  produced  Dynaflect  and  Road 
Rater,  as  well  as  the  custom  built 
Waterways  Experiment  Station  (WES)  16 
kip  Heavy  Vibrator  and  Federal  Highway 
Administration  (FHWA)  Cox  Vibrator.  All 
of  these  devices  produce  a  sinusoidal 
vibration  on  the  pavement  surface  using 
a  dynamic  force  generator  (1,  2,  3,  4). 
This  sinusoidal  force  is  superimposed  on 
a  static  preload  placed  on  the  pavement 
surface,  as  shown  in  Fig.  1.  The 
preload  must  be  larger  than  one-half  the 
peak- to-peak  dynamic  sinusoidal  force  in 
order  to  prevent  the  load  plate  from 
lifting  off  the  pavement  surface  during 
the  loading  period.  Frequency  and 
dynamic  force  may  be  variable,  with  an 
approximately  40kN  (9000  lb.)  maximum 
force  currently  possible  with  commer¬ 
cially  produced  equipment,  and  a  fre¬ 
quency  range  of  5  to  80  Hertz  (Hz)  (4) . 
The  WES  Heavy  Vibrator  uses  a  133kN 
(30000  lb.)  peak-to-peak  force  and  a 
71kN  (16000  lb.)  static  preload,  which 
requires  use  of  a  fairly  large  vehicle. 
It  has  a  5  to  90  Hz  frequency  range. 
Advantages  of  this  type  of  equipment  in¬ 
clude  : 

(i)  Deflection  basins  can  be 
measured 

(ii)  No  fixed  reference  is  needed 
since  velocity  transducers  are 
used 

(ii)  Speed  of  data  measurement 

(iv)  Relatively  low  cost. 

Disadvantages  include: 
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(i)  Load  ch.u  act er i st i cs  t  hat  may 
be  tinn '.ihstic  in  terras  of 
magnitude,  duration  and  re- 
petition.  A  moving  wheel  load 
ty pi  c-ally  applies  a  discrete 
load  pulse  to  the  pavement, 
followed  by  a  rest  period,  un¬ 
like  the  repeated  steady  state 
forced  vibration  mode  employed 
by  this  type  of  equipment. 

(li)  TV.  static  preload  is  of  a 
similar  order  of  magnitude  as 
the  peak-to-peak  dynamic  force 
md  lias  a  significant  effect 
on  the  state  of  stress  in  the 
pavement.  Tn  stress  sensitive 
materials  this  affects  the 
deflection  response  and  pos¬ 
sibly  the  interpretation  of 
the  response. 
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Fig.  1  Typical  dynamic  force  output  of 
steady  state  vibrators 
(From  Ref.  4) 

Transient  impulse  load. 

The  equipment  falling  into  this 
category  are  typically  known  as  Falling 
Weight  Def lectometers  (FWD)  .  A  dynamic 
impulse  load  is  applied  to  the  pavement 
by  dropping  a  mass  from  some  specific 
height  to  the  pavement,  with  the  load 
transferred  through  a  buffer  system  to 
the  load  plate,  as  shown  in  Fig.  2.  An 
idealized  load  pulse  is  shown  in  Fig.  3. 
The  load  magnitude  can  be  varied  by 
varying  mass  and  height  for  a  given 
test,  and  the  width  of  the  load  pulse  is 
controlled  by  buffer  characteristics  to 
simulate  a  moving  wheel  load.  This  is 


typically  of  the  order  of  ,02b  to  .035 
seconds.  Load  ranges  available  are  from 
5kN  to  245kN  (1500  lb.  to  55000  lb.)  on 
different  machines.  Commercially  avail¬ 
able  FWDs  are  marketed  by  Dynatest, 
Phoenix,  and  KUAB. 


Fig.  2  Basic  principle  of  Falling 

Weight  Deflectometer  (FWD  of 
IDM) 

(h  =  drop  height) 

(k  =  buffer  constant) 

(From  Ref.  4) 


A  B  C 

7  ime 


A  -  Time  at  which  weights  are  released 
B  -  Time  at  which  weight  package  make  first 
contact  load  plate 
C  -  Peak  load  reached 


Fig.  3  Typical  force  output  of 

Falling  Weight  Deflectometer. 
(From  Ref.  3) 

The  makers  of  Road  Rater  have 
recently  introduced  an  FWD  also,  known 
as  the  JILS  system.  Deflection  basins 
are  measured  with  up  to  7  sensors,  and 
all  data  collection  and  equipment  func- 


tions  are  automated  through  the  use  of 
computers.  Advantages  of  the  impulse 
deflection  devices  include: 

(i)  Deflection  basins  can  be 
measured  very  accurately 

(ii)  No  fixed  reference  is  neces¬ 
sary  since,  typically,  vel¬ 
ocity  transducers  are  used 

(iii)  Speed  and  ease  of  data  ac- 
guisi t : on 

(iv)  Traffic  .loads  expected  on 
the  pavement  can  be  simu¬ 
lated  in  terms  of  magnitude, 
duration  and  repetition 

(v)  No  preload  is  required 

(vi)  A  wide  range  of  loading  is 
possib!  r> . 

The  major  disadvantages  of  the  FWDs 
are  that  they  have  a  relatively  high 
initial  cost  and  are  relatively  complex 
systems.  Maintenance  and  operational 
costs  for  rVD '  s  may  be  significant,  de¬ 
pending  on  the  type  of  FVD  being  used. 


TYPICAL  NDT  DEFLECTION  EQUIPMENT,  TRENDS 
AND  DEVELOPMENTS 

Characteristics  of  commercially  avail¬ 
able  equipment  have  been  summarized  in 
various  publications  (1,  2,  3,  4),  and 
Table  1  from  one  of  these  publications 
(.3)  is  included  here.  An  excerpt  from  a 
tabulated  field  evaluation,  related  to 
operational  characteristics,  from  Ref.  4 
is  included  as  Table  2.  The  information 
in  Tables  1  and  2  is  slightly  dated,  but 
is  supplemented  with  additional,  informa¬ 
tion  in  this  section. 

The  major  trend  in  deflection  measure¬ 
ments  appears  to  be  the  increasing 
popularity  of  the  FWD  equipment.  For  in¬ 
stance,  as  of  1987,  only  11  states  were 
using  FWDs,  while  one  state  was  con¬ 
sidering  the  purchase  of  an  FWD  (4)  . 
Currently,  at  least  25  states  and  1  ter¬ 
ritory  own  or  are  in  the  process  of  ac¬ 
quiring  FWDs.  Also,  the  Strategic  High¬ 
way  Research  Program  (SHRP)  is  using 
FWDs  for  deflection  measurements  in  the 
Long  Term  Pavement  Performance  (LTPP) 
program.  A  total  of  about  70  FWDs  are 
in  use  in  the  USA,  and  probably  twice  as 


many  in  the  world.  One  state  owns  7 
machines  and  has  4  on  order.  The 
reasons  for  this  trend  appear  to  be  re¬ 
lated  to  the  productivity  of  the  equip¬ 
ment,  the  ability  to  measure  deflection 
basins  similar  to  those  produced  by  ? 
moving  wheel  load,  as  well  as  the  ac¬ 
curacy  and  reproducibility  of  the 
measurements.  These  features  are  ideal¬ 
ly  suited  to  applications  in  terms  of 
mechanistic  design  procedures,  which  are 
generally  the  direction  in  which  pave¬ 
ment  analysis  and  design  has  been  head¬ 
ing  in  the  recent  past.  Developments  m 
terms  of  this  type  of  NDT  measurement 
have  been,  until  now,  mainly  related  to 
specific  improvements  to  the  FWD  equip¬ 
ment  available.  Table  3,  based  on  in¬ 
formation  provided  by  the  FWD  manufac¬ 
turers,  provides  information  on  cur¬ 
rently  available  models.  Technical 
specif loations  can  be  obtained  from  the 
manufacturers  that  will  update  the  in¬ 
formation  in  Table  1.  Performance 
characteristics  may  vary  widely  between 
the  types  listed  i n  Table  3,  par¬ 
ticularly  l n  terms  of  deflection 
measurement  accuracy  and  repeatability, 
as  well  as  equipment  reliability.  To 
some  extent  these  issues  will  be  ad¬ 
dressed  by  the  independent  calibration 
verification  techniques  being  developed 
by  SHRP. 

Some  of  the  newer  developments  for 
the  equipment  includes  options  such  as 
increased  number  of  deflection  sensors, 
sensor  locations  allowing  testing  of 
longitudinal  joints  while  being  aligned 
with  the  traffic  direction,  fluid  filled 
toad  pads  to  ensure  even  pressure  dis¬ 
tribution  under  the  load  plate  and 
larger  range  sensors. 
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Table  la  Characteristics  of  commercially  available  nondestructive  testing  (NDT) 
devices  (1  in  =  25.4mm,  1  lb  =  4.45N)  (From  Ref.  3) 


Device  Name 

Principal 
of  Operation 

Load 

Actuator 

Syttam 

Min 

Load 

Maa 

Load 

Static 

on  Plata 

Type  ot 
Load 

Transnaaion 

Mgthod  ot 
Recording  Data 

BdnkaimAn  Baam 
(AASHTO) 

OeOactior 

Beam 

Loaded 

Truck 

Amt* 

Nr  A 

N/ A 

N/ A 

Truck  Wheel* 

Manual 

Daflaction  Baam 
(British) 

Oetrbi 

Baam 

Loaded 

Tru* 

Asia 

Nr  A 

N  /  A 

N/A 

Truck  Wheals 

Manual 

La  Croix 

DefJectograph 

Mach mrmmd 
Daflaceon 

.  Beim  I 

hkwta  Trvc* 

Loadad  w+>  Tr'rfc 
9bdi  or  Wea^a^i 

Tnjck 

f*wl 

N/A 

Truck  Wheel* 

Manual.  Printer, 
or  Automated 

Dynaflect 

Staady  Stale 
VtraKry 

Rotatrg 

1  ooo 

1.000 

2.  100 

Two  i€*  die 
UrathanaCoatad 
Steal  Whaaix 

Manual,  Pnntar, 
or  Automated 

Model  400  B 

Road  Rater 

500 

2. BOO 

2  400 

T  mro  ^byt* 

Pad*  with  5  5* 
Center  G*o««« 

Model  2000 

Road  Rater 

Model  2000 

Road  Rater 

Steady  State 

V  tor* lory 

♦woa^c 

Actuated 

UlUM 

1.000 

1.000 

5.500 

B  000 

3  BOO 

5  BOO 

Circular  Plate 
IF  d.a  “* 

Manual. 
Printer, 
or  Automated 

KUAB  50  Falling 

Weight  Detlectometer 

KUAB  150  Falling 
Weight  Detlectometer 

Impulse 

T  wo 

Onpono 

Masse* 

t  500  i  2.000 

V500  35.000 

7 

Sectionaiited 
Circular  Plate 

1  i  S’  d  ■  *  * 

Manual. 

Printer 

or  Autc.  »ii«o 

Dynateat 

Model  8000  Falling 
Weight  Detlectometer 

imoulse 

1.500  24.000 

7 

Circular  Plate 
i  i  r  dia 

Manual.  Printer, 
or  Automated 

«  Soi>d  Plates  and  ot  Other  Diameters  art  Available 

*i  Plata*  ot  Other  Otameier*  ara  Available 
■**  Circular  Plata*  ara  Available 


Table  lb  Characteristics  of  commercially  available  nondestructive  testing  (NDT) 
devices  (Continued)  (1  in  =  25.4mm)  (From  Ref.  3) 


Device  Name 

Type  of 

Type  of 

Prime  Mover 

„  .  . 

Vibratory  Datlaction 
Frag  Meagrrmg 

*  Rang*  Sygtam 

Nurnfcwr  of  Normal  Loacj 

Oe  Wee  t  tort  Spacing  Measuring 
Sensors  of  Sensors  System 

Carriaoa 

Babe  Coat 

Bankaknan  Baam 
(AASHTO) 

N/A 

N/A 

$1,000 

N/A 

N/A 

Dial  indicato 

r  1  N/A  Non* 

Daflactton  Baam 
(British) 

N/A 

N/A 

$  1.500 

N/A 

N/A 

Owl  indicator  i  N/A  Nona 

La  Croix 

Deflectogrmpft 

Truck 

Nona 

aiee.joo" 

N/A 

N/A 

Inductive  ?(on*  m 

Oisplacamant  each  wheal  N/A  None 

Transducer*  path) 

Dynaflact 

Trailer 

TowVeNcie 

*33  l»J 

-32m2 

BN* 

Velocity 

Transducers 

5  Crnin  In  Non, 

V  interval* 

Model  400  8 

Road  Refer 

530.590 

59m* 

4 

Modal  200p 

Road  Ratar 

Trailer1 

Tow  vafacie 

940.900 

2»«.n’ 

5Hj  to 
7  OH  j 

Velocity 

Transducers 

Camar  9 

4  at  V  Load  Can 

intervals 

Modal  2008 

Road  Ratar 

864.000 

25«in* 

4 

KUAB  SO  Falling 

Waight  Oatlactomatar 

970.000 

login’ 

5 

KUAB  150  Falling 
Waight  Oatlactomatar 

Trailer 

Tow  Vafscle 

966.000 

10».n' 

N/A 

Oefiection 

Cinlrr  l  r 

o  r  io  b  a  t04d  c#" 
s 

Oynatast 

Modal  8000  Falling 
Waight  Oatlactomatar 

Trailer 

Tow  Vafacie 

sae.soo 

tOgin’ 

N/A 

Velocity 

Traneducera 

7  or"'* V V  Lo*°  c»" 

s  la* uar  var *iaaa  at  ta*  Medal  400  arara  weaatei  am  vehicles 

■  ■  971.000  aitlMt  traah  bat  ra*«»ra*  t  to  1  taarn  wenths  ta  ia*t«ll  an  awrchatarm  vehicle 
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Table  2  Sumaary  of  field  evaluation  of  selected  equipment 

(Operational  Characteristics  only  -  Abridged  froa  Ref.  4) 


Benkelaan 

Beaa 

Curvlaaeter 

Oynaf lact 

Dynateat 
8000  FWD 

KUAB 

150  FWD 

Phonlx 
ML10000  FWD 

toad 

Rater  2000 

(a)  Nuaber  of  operators 

(Including  driver)  used 

In  field  study 

2 

3-4 

1 

1 

1-2 

1-2 

1 

(b)  Number  of  operators 

(including  driver)  used 

In  routine  work 

2 

2 

1 

1 

1 

1 

1 

(a)  Average  total  tlae*  (froa 
arrival  to  departure. 
Including  aet-up  tlae)** 

4.1 

(1.1) 

4.2 

(*.2) 

1.2 

(1.2) 

0.9 

(0.3) 

2.9 

(0.48) 

5.0 

(0.55) 

1.9 

(0.41) 

(b)  Maxlaua  total  tlae 

14.0 

25.0 

2.6 

3.0 

10.0 

9.6 

15.0 

(c)  Mlnlaua  total  tlae 

18 

0.5 

0.6 

0.5 

1.0 

2.8 

2.3 

(d)  Average  teat  tlae  (after 
set-up  to  departure)** 

3  2 
(ID 

2.3 

(2.3) 

0  9 
(0.9) 

0.5 

(0.17) 

1.4 

(0.23) 

4.4 

(0.49) 

1.4 

(0.38) 

(e)  Maxlaua  teat  tlae 

13.7 

9.5 

1.7 

1.4 

3.4 

9.1 

11.0 

(f)  Mlnlaua  teat  tlae 

0.5 

0.3 

0.4 

0.3 

0.5 

2.1 

1.9 

*  In-service  paveaents  only 

**  Tlaes  In  parenthesis  ara  average  tiae  divided  by 
nuaber  of  deflection  aeaaureaenta  perforaed. 


Table  3  Current  FHD  equipaent  available 
(Manufacturer 's  Information) 


Load 

Range 

Manufacturer 

Models 

JUT 

(kivs) 

Dynatest 

8000 

6 

-  120 

(1.5 

-  27) 

8081 

28 

-  245 

(6.5 

-  55) 

JILS 

JILS  10 

4 

-  44 

(1  - 

10) 

JILS  20 

8 

-  107 

(2  - 

24) 

KUAB 

2M-14 

12 

-  62 

(3  - 

14) 

2M-23 

12 

-  102 

(3  - 

23) 

2M-33 

12 

-  147 

<3  - 

33) 

2M-44 

12 

-  196 

(3  - 

44) 

Phoenix 

ML  6 

10 

-  60 

(2.2 

-  13.5) 

ML  11 

10 

-  110 

(2.2 

-  24.7) 

ML  25 

50 

-  250 

(11.2 

-  56.2) 

COMPARISON  OF  MEASURED  DEFLECTIONS  AMD 
EQUIPMENT 

The  various  types  of  equipment  dis¬ 
cussed  in  the  preceding  section  have 
been  compared  and  evaluated  during  var¬ 
ious  studies  using  different  approaches 


and  criteria  (2,  3,  4,  5,  6).  Typically 
not  all  types  of  equipment  are  included 
in  all  studies.  In  particular,  the 
automated  beams  are  seldom  used  in  the 
U.S.A.  and  hence  have  not  been  readily 
available  for  comparisons  in  the  field, 
although  a  CEBTP  Curviameter  was  in- 
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eluded  in  a  recent  study  (4).  However, 
the  Benkelman  beam  has  been  included  in 
all  the  listed  studies,  and  this  may 
provide  an  indication  of  deflection 
measurements  that  could  be  expected  from 
the  automated  beams  (1).  Operational 
characteristics  are  such  that  the  FWD 
appears  to  be  the  most  efficient  and 
versatile  piece  of  deflection  testing 
equipment  available,  as  evidenced  by  the 
information  presented  in  Table  2,  which 
was  measured  during  the  most  recent  com¬ 
parison  study  (4) .  It  should  be  noted, 
of  course,  that  the  Benkelman  beam  will 
always  have  the  advantage  of  simplicity 
and  low  initial  cost  over  most  other 
equipment.  However,  the  general  consen¬ 
sus  is  toward  the  use  of  equipment  which 
can  measure  deflection  basins,  par¬ 
ticularly  if  the  information  is  to  be 
used  in  analyses  based  on  mechanistic 
design  procedures  (3,  4). 

From  a  technical  standpoint  relating 
to  the  mechanistic  approaches,  the  ques¬ 
tions  that  arise  generally  relate  to  the 
reliability  and  accuracy  of  the  deflec¬ 
tions  measured,  as  well  as  comparisons 
with  actual  deflections  induced  by 
moving  wheel  loads.  Hoffman  and  Thomp¬ 
son  (9),  in  comparing  Benkelman  beam. 
Road  Rater  (RR) ,  Dynatest  FWD  and  actual 
deflections  under  a  moving  wheel  con¬ 
clude  that;  "Overall,  the  FWD  is  the 
best  NDT  device  to  simulate  pavement 
response  under  moving  loads.  The  RR, 
because  of  harmonic  loading  without  rest 
periods  and  static  preload,  induces 
pavement  deflections  lower  than  those 
achieved  with  the  FWD  and  moving  loads." 
They  also  concluded  that  RR  and  FWD 
deflections  are  significantly  different; 
that  they  are  correlated;  that  surface 
deflections  are  highly  sensitive  to  RR 
load  and  frequency  and  that  RR  deflec¬ 
tions  should  be  converted  to  FWD  values 
for  structural  evaluation  purposes. 
They  could  not  predict  Benkelman  beam 
deflections  from  RR  measurements.  An 
accelerometer  embedded  in  the  pavement 
was  used  to  measure  actual  pavement 
deflections,  and  excellent  agreement  was 
found  when  compared  with  FWD  measured 
deflections,  as  shown  in  Fig.  4.  This 
study  considered  one  piece  of  equipment 
from  each  characteristic  load  group,  and 
the  conclusions  indicate  that  the  static 
or  slow  moving  load  does  not  represent 
traffic  loading  very  well,  while  the  FWD 
does . 


Fig.  4  FWD  versus  accelerometer  deflec¬ 
tions.  (From  Ref.  9) 

Similar  specific  studies  are  reported 
by  Ullidtz  (10),  and  again,  as  shown  in 
Fig.  5,  the  FWD  very  accurately  simu¬ 
lates  a  moving  wheel  load.  Fig.  5  also 
clearly  illustrates  the  differences  be¬ 
tween  Benkelman  beam,  FWD  and  actual 
deflections.  Note  that  the  moving  wheel 
load  is  the  same  wheel  for  both  the 
moving  wheel  (accelerometer)  and  the 
Benkelman  beam  deflections. 

Fig.  5  illustrates  one  end  of  the 
spectrum  of  problems  associated  with 
using  measured  deflections  to  evaluate 
the  effects  of  a  moving  wheel  load  on  a 
pavement.  It  is  apparent  that  the 
static  or  slow  moving  load  substantially 
overestimates  the  moving  wheel  deflec¬ 
tions.  This  is  probably  associated  with 
non-linear  and  time-dependent  pavement 
material  response.  These  types  of 
response  can  cause  difficulties,  in 
general,  with  extrapolation  from  one 
load  level  to  another,  as  indicated  by 
Fmith  and  hytton  (3),  who  illustrate  the 
point  with  deflections  extrapolated  from 
measurements  by  a  light  load  vibratory 
device  being  very  different  from  the  ac¬ 
tual  deflections  measured  at  higher  load 
levels  by  the  FWD.  Obviously  such  an 
extrapolation  would  introduce  gross  er¬ 
rors  into  the  design  process  for  higher 
loads.  Hudson  et  al.  (4)  allude  to  this 
problem,  but  indicate  that  the  pavements 
tested  during  their  study  do  not  show 
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evidence  of  such  non-linear  behavior. 
However,  other  researchers  have  docu¬ 
mented  similar  problems.  Ullidtz  (10), 
for  instance,  extrapolated  measurements 
from  a  Heavy  Vibrator  (similar  to  the 
WES  16  kip)  to  the  same  load  levels  as 
used  by  an  FWD  and  found  significant 
differences.  In  fact,  this  problem  is 
one  of  the  reasons  behind  the  develop¬ 
ment  of  the  Heavy  Weight  Def lectometer 
(HWD)  which  has  a  load  range  of  28kN  to 
245kN  (6500  lbf.  to  55000  Ibf.)  and  is 
intended  for  testing  heavy  load  pave¬ 
ments.  Obviously,  the  problem  ot  non¬ 
linear  material  response  can  be  dealt 
with  by  taking  deflection  measurements 
at  differing  load  levels,  preferably 
spanning  the  design  load  level.  The 
multiple  load  level  ability  of  the  FWDs 
makes  this  a  relatively  simple  procedure 
for  the  dynamic  impulse  load  equipment. 


USE  OF  NDT  DEFLECTION  DATA  IN  COLD 
REGIONS 

Typical  applications  of  deflection 
measurements  are  directed  at  evaluating 
pavement  structural  response  for  use  in 
determination  of  structural  adequacy  as 
well  as  designing  rehabilitation  alter¬ 
natives  (1)  . 


Three  basic  approaches  are  commonly  used 
viz.  component  analysis,  deflection 
based  or  analytically  based  procedures 
(11).  Various  publications  have  covered 
these  approaches  in  detail  (11,  12,  13, 
14,  15,  16).  The  analytically  based 
procedures  (16,  17,  18,  19,  20,  21,  22, 
23,  24,  25,  26,  27,  28),  usually  involv¬ 
ing  back  calculation  of  layer  moduli 
from  deflection  basin  data,  appear  to 
have  the  most  promise  for  application  in 
cold  regions.  Specific  systems  have 
been  developed  for  these  applications, 
such  as  the  Alaska  overlay  design 
method,  for  instance,  by  Hicks  et  al. 
'24,  28).  During  most  of  the  year,  use 
of  NDT  deflection  data  is  no  different 
in  cold  regions  than  elsewhere.  How¬ 
ever,  the  critical  consideration  usually 
involves  the  spring-thaw  period,  when 
pavements  may  be  in  a  severely  weakened 
condition  as  the  thaw  front  progresses 
downward . 


0.  ?  0,  4  0.  6 


Moving  kneel.  40-SO  *»/n  (?5-*0»ph)  Deflection*  (Mm) 


Fig.  5  Comparison  of  deflections  (pa)  measured  under  a  moving 

wheel  load,  the  FWD,  and  Benkelman  beam  tests.  (From  Ref.  10' 
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During  this  period,  when  the  pavement  is 
partially  thawed,  drainage  of  the  upper 
layers  is  inhibited  by  the  underlying 
frozen  material,  and  deflections  under 
load  increase  signif icantly .  Damage  as¬ 
sociated  with  these  higher  deflections 
is  also  significantly  higher  than  what 
would  occur  in  the  thawed  pavement  under 
the  same  load.  To  minimize  these  ef¬ 
fects  many  authorities  apply  load 
restrictions  during  the  critical  thaw 
period.  Mahoney  et  al.  (18)  have  pub¬ 
lished,  for  instance,  the  approach 
developed  for  the  State  of  Washington. 
Typically,  deflections  are  monitored 
during  the  spring,  and  load  restrictions 
applied  when  some  predetermined  deflec¬ 
tion  is  observed.  Fig.  6  provides  an 
example  of  deflections  measured  during 
spring  thaw  in  Alaska  at  various  load 
levels,  and  Fig.  7  shows  the  estimated 
equivalent  thaw  depths  associated  with 
these  deflections.  Load  related  damage 
factors  are  being  developed  from  this 
data,  which  will  he  published  in  the  fu¬ 
ture.  It  is  of  interest  to  note  that 
maximum  damage  does  not  necessarily 
coincide  with  maximum  deflections. 


CONCLUSIONS 

An  overview  of  NDT  deflection  testing 
equipment,  trends  and  developments  has 
_-een  provided.  Typical  equipment  and 


operating  characteristics  are  provided. 
Use  of  NDT  deflection  data  has  been 
briefly  described,  with  indications  of 
applications  specific  to  cold  regions. 
Specific  conclusions  include: 

1)  Various  types  of  NDT  equipment  are 
available  for  measuring  pavement  sur¬ 
face  deflections. 

2)  Not  all  NDT  equipment  can  simulate 
the  effect  of  moving  wheel  loads,  and 
extrapolation  to  load  levels  dif¬ 
ferent  from  those  at  which  the 
deflection  were  measured  may  be  in¬ 
correct.  The  impulse  load  equipment 
(FWD’s)  appear  most  suited  to 
simulating  typical  wheel  loads. 

3)  There  appears  to  be  a  trend  toward 
using  FWDs  for  deflection  measure¬ 
ments  due  ro  their  productivity,  ac¬ 
curacy,  repeatability  and  realistic, 
variable  load  capabilities. 

4)  Use  of  NDT  deflection  data  in  cold 
regions  is  generally  similar  to  that 
in  other  regions  except  during  the 
critical  spring  thaw  period.  It  may 
be  possible  to  predict  thaw  depth 
from  deflection  basin  evaluation. 
Load  related  damage  can  be  evaluated, 
using  mechanistic  analysis  tech¬ 
niques,  and  used  for  load  restriction 
applications. 


Elliot  Highway,  Alaska 
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Fig.  6  Spring  thaw  normalized  deflections 
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APPLICABILITY  OF  S PECTRAL-ANALYSI S-OF-SURFACE-WAVES 
METHOD  IN  DETERMINING  MODULI  OF  PAVEMENTS 
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ABSTRACT 

In  order  to  correctly  predict  the 
response  of  a  pavement  section,  two 
important  items  should  be  considered. 
First,  a  realistic  theoretical  model  is 
required.  Second,  and  perhaps  more 
importantly,  material  properties  should 
be  determined  accurately.  The  most 
common  material  characterization  methods 
are  the  def lection-based  nondestructive 
testing  methods.  These  testing  methods 
can  be  implemented  in  the  field  quite 
rapidly;  however,  they  suffer  from 
several  limitations  which  may  result  in 
erroneous  material  properties.  For 
example,  when  bedrock  or  permafrost  is 
present  at  shallow  depths,  when  the 
pavement  layers  are  thin,  or  when  the 
subgrade  consists  of  several  layers,  the 
deflection-based  methods  yield 
questionable  modulus  values.  An 
alternative  in  situ  testing  technique, 
which  does  not  suffer  from  the  above 
limitations,  is  the  Spectral-Analysis-of- 
Sur face-Waves  (SASW)  method. 

Over  the  last  eight  years,  the  SASW 
method  has  been  used  to  determine  the 
stiffness  profile  of  numerous  soil 
deposits  and  pavement  systems.  The  SASW 
method  is  a  nondestructive  testing  method 
which  is  theoretically  sound  and  is  based 
upon  the  theory  of  wave  propagation  in 
layered  medium.  The  SASW  method  yields  a 
modulus  profile  at  low-strains.  However, 
when  combined  with  proper  laboratory 
tests  or  empirical  relationships,  moduli 
at  any  strain  level  can  De  determined. 
Through  analyses  similar  to  those  used  in 
geotechnical  earthquake  engineering, 


stresses  and  strains  at  any  point  in  the 
pavement  deposit  can  be  determined. 

In  this  paper,  the  analytical  and 
experimental  aspects  of  the  SASW  method 
are  described,  the  strengths  and 
weaknesses  of  the  method  are  discussed, 
and  several  case  studies  are  included  to 
demonstrate  some  of  the  benefits  of  the 
method. 

INTRODUCTION 

Many  major  highways  and  airport 

runways  are  approaching  the  end  of  their 
serviceable  lives.  The  cost  involved  in 
rehabilitation  of  these  facilities  is 
astronomical.  Methodologies  used  to 
determine  the  need  for  or  the  type  of 
improvements  to  be  applied  to  a 
deteriorated  pavement  section  are  based 
upon  empirical  and  experience-based 

procedures.  Unfortunately,  in  many 

cases,  the  selected  rehabilitation 
process  is  not  effective  and  the  pavement 
deteriorates  prematurely.  Fortunately, 
new  mechanistic  pavement  design 
procedures  are  being  developed  to 

overcome  this  problem. 

A  well-developed  mechanistic 
procedure  should  be  capable  of 
incorporating  several  important 

parameters  in  the  design.  A  partial  list 
of  these  parameters  are: 

1.  traffic  loading; 

2.  environmental  factors,  such  as 
annual  precipitation,  and  ambient 
rempcratuie ; 

3.  stiffness  properties  of  the  roadbed 
soil  and  paving  materials;  and, 
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4.  characteristics  of  the  paving 

materials  and  roadbed  soil  in  terms 
of  dynamic  and/or  nonlinear 
behavior. 

The  theoretical  model  utilized  to 
determine  the  strength  and  deformation 
parameters  (such  as  stress  and  strain 
distribution  within  pavement  layers) 
should  be  based  upon  relatively  few 
simplified  assumptions  and  these 

assumptions  should  not  deviate 
significantly  from  the  actual  field 

conditions.  In  order  to  calculate  the 
distribution  of  stresses  and  strains 

within  the  pavement  system,  two  of  the 
parameters  mentioned  above  (i.e.,  items  3 
and  4)  should  be  determined  and  defined 
quite  accurately.  A  precise  method  for 
determining  the  properties  of  pavements 
is  necessary,  if  meaningful  maintenance 
inspections  are  to  be  performed  regularly 
and/or  overlays  are  to  be  designed 

effectively. 

Nondestructive  testing  (NDT) 

techniques  are  typically  utilized  to 
determine  the  properties  of  paving  layers 
and  roadbed  soil.  The  most  common  NDT 
techniques  are  the  deflection-based 

techniques.  Two  devices  that  are 
utilized  for  this  purpose  are  the  Falling 
Weight  Deflectometer  and  the  Dynaflect. 
Both  devices  are  well-known  and  need  not 
be  described  herein.  However,  the  main 
differences  between  the  two  devices  are: 
1)  the  method  in  which  the  energy  is 
applied  to  the  pavement  surface 
( impulsive  for  FWD  versus  steady-state 
for  Dynaflect)  and,  2)  the  magnitude  of 
the  load. 

The  fwd  and  Dynaflect  devices  are 
excellent  tools  for  testing  pavements  at 
the  network  level  because  deflection  data 
can  be  collected  quite  rapidly  in  the 
field.  However,  in  project  level 
studies,  the  deflection-based  methods 
should  be  utilized  carefully.  Several 
cases  when  the  stiffnesses  obtained  from 
deflection-based  NDT  methods  may  be  in 
error  are: 

1.  when  a  layer  is  quite  thin,  such  as 
many  asphaltic-concrete  layers, 

2.  when  a  relatively  stiff  layer  is 
present  near  the  surface  (see  Briggs 
and  Nazarian,  1989), 

3.  when  a  layer  such  as  the  subgrade 
layer  consists  of  several  sublayers 
and, 

4.  when  the  actual  layer  thicknesses 
are  not  precisely  known. 


Another  factor  which  should  be 
considered  carefully,  is  the  so-called 
"dynamic  effects"  associated  with  the 
fact  that  the  load  imparted  by  the 
deflection-based  devices  are  dynamic, 
whereas,  during  the  data  reduction  the 
load  is  assumed  to  be  static.  This 
factor  may  result  in  large  errors  in  the 
back-calculated  moduli  (Roesset  and  Shao, 
1985;  Davies  and  Mamlouk,  1985). 

An  alternative  method  for 
determining  the  stiffness  profile  of 
pavement  systems  is  the  Spectral- 
Analysis-of-Surface-Waves  (SASW)  method. 
The  SASW  method  ,  which  is  also 
nondestructive,  can  be  catagorized  as  a 
seismic  (wave  propagation)  testing 
technique  because  it  is  based  upon  the 
theory  of  elastic  wave  propagation  in  a 
layered  medium.  In  this  paper,  the 
theoretical  and  experimental  aspects  of 
the  SASW  method  are  thoroughly  described. 
The  limitations  as  well  as  the  advantages 
of  the  method  are  then  presented.  The 
recent  improvements  and  future 
developments  of  the  technique  are  also 
presented.  Finally,  several  case 

studies  are  included  to  demonstrate 
situations  where  the  SASW  method  can  be 
employed  very  effectively  to  solve 
pavement  related  problems. 

S  PECTRAL-ANALYS I S-OF-SURFACE-WAVES 
METHOD 

Background 

For  engineering  purposes,  many 
pavement  systems  can  be,  with  reasonable 
accuracy,  approximated  by  a  layered  half¬ 
space.  With  this  approximation,  a 
pavement  profile  is  assumed  to  be 
homogeneous  and  to  extend  to  infinity  in 
two  horizontal  directions  while  being 
heterogeneous  in  the  vertical  direction. 
This  heterogeneity  is  often  modelled  by  a 
number  of  layers  with  constant  properties 
within  each  layer.  In  addition,  it  is 
assumed  that  the  material  in  each  layer 
is  elastic  and  isotropic. 

When  the  surface  of  a  half-space  is 
disturbed  by  an  impact,  two  types  of 

waves  propagate  in  the  system  -  body 

waves  and  surface  waves. 

Body  waves,  which  consist  of  shear 
waves  (S-waves)  and  compression  waves  (P- 
waves),  travel  in  the  body  of  the  medium 
and  attenuate  quite  rapidly  near  the 
surface.  For  compression  waves  the 
directions  of  particle  motion  and  wave 
propagation  are  the  same;  that  is,  P- 
waves  exhibit  a  push-pull  motion.  Shear 
waves  generate  a  shearing  motion,  which 
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causes  particle  motion  to  occur  half-space,  body  waves  attenuate 

perpendicular  to  the  direction  of  wave  inversely  proportionally  to  the  square  of 

propagation.  Compression  waves  travel  the  distance  from  the  source;  whereas, 

faster  than  shear  waves.  The  ratio  of  the  surface  wave  amplitude  decreases  in 

the  velocity  of  propagation  of  the  P-  proportion  to  the  reciprocal  of  the 

waves  to  S-waves  is  a  function  of  square  root  of  distance  from  the  source. 

Poisson's  ratio,  and  this  velocity  ratio  As  such,  body  wave  energy  is  present  in 

increases  as  Poisson's  ratio  increases.  records  captured  by  receivers  located  at 

Many  types  of  surface  waves  have  the  surface  of  a  half-space.  However,  an 

been  identified  and  described.  The  major  adequate  distance  away  from  the  source 

type  is  Rayleigh  waves  (R-waves).  the  body  wave  energy  is  very  small 

Surface  waves  propagate  near  the  surface  relative  to  the  surface  wave  energy  and 

of  the  half-space.  Rayleigh  waves  (R-  for  all  practical  purposes  the 
waves)  propagate  with  a  velocity  close  to  contribution  of  the  body  wave  energy  to 
that  of  S-waves.  As  shown  in  Fig.  1,  the  captured  signal  can  be  neglected, 
particle  motion  associated  with  R-waves  In  wave  propagation  techniques,  such 

is  composed  of  both  vertical  and  as  the  SASW  method,  the  goal  is  to 

horizontal  components,  which,  when  determine  the  variation  in  wave  velocity 
combined,  form  a  retrograde  ellipse  near  with  depth.  Wave  velocity  is  a  direct 

the  surface.  However,  with  depth,  the  indication  of  the  stiffness  of  the 

particle  motion  changes  to  pure  vertical  material;  hiqher  wave  velocity  is 

and  finally,  to  a  prograde  ellipse  as  associated  with  higher  stiffness, 

illustrated  in  Fig.  1.  The  amplitude  of  Propagation  velocities  per  ce  have 

the  motion  of  R-waves  attenuates  quite  limited  use  in  engineering  applications, 

rapidly  with  depth.  At  a  depth  equal  to  In  material  characterization  for  pavement 

about  1.5  times  the  wavelength,  the  engineering,  Young's  moduli  of  different 

vertical  component  of  the  amplitude  is  layers  are  needed.  Shear  wave  velocity 
about  ten  percent  of  the  original  is  usually  measured  for  this  purpose, 

amplitude  at  the  ground  surface.  Elastic  theory  is  employed  to  determine 

Miller  and  Pursey  (1955)  found  that  Young's  modulus  from  shear  wave  velocity, 

for  a  homogeneous,  isotropic,  elastic  Shear  modulus,  G,  is  equal  to: 

half-space,  approximately  67  percent  of 

the  input  energy  propagates  in  the  form  G  =  p  V  (1) 

of  R-waves  while  S-  and  P-waves  carry  33  ° 

percent.  At  the  surface  of  an  elastic  where,  V  is  shear  wave  velocity  and  p  is 

s 

Direction  of  propagation  Amplitude  at  Depth  Z 


Figure  1  -  Amplitude  and  Particle  Motion  Distribution  with  Depth  for 
Rayleigh  Waves  (after  Richart  et  al,  1970) 
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mass  density.  Young's  modulus,  E,  and 
shear  modulus,  G,  are  related  through 
Poisson's  ratio,  v.  This  relationship 
is: 

E  =  2  G  (1  +  v) .  (2) 

Moduli  determined  from  wave 
propagation  techniques  are  small-strain 
moduli,  also  known  as  elastic  moduli.  A 
pavement  section  may  experience  higher 
strain  amplitudes.  Two  basic  approaches 
are  used  today  to  evaluate  nonlinear 
moduli  of  pavement  systems. 

The  first  approach  is  to  employ  high 
intensity  loads  in  an  attempt  to  evaluate 
the  nonlinear  behavior  of  the  pavement. 
Elastic  theory  is  then  used  to 
backcalculate  the  modulus  profile.  The 
advantage  of  this  approach  is  that  an 
equivalent  nonlinear  modulus  of  the 
pavement  may  be  determined.  However,  if 
these  moduli  are  used  to  determine  the 
stresses  and  strains  in  the  pavement 
system,  substantial  errors  may  occur.  As 
the  modulus  profile  is  approximated  with 
only  three  or  four  equivalent  moduli  this 
approach  may  only  be  appropriate  for 
calculating  surface  displacements  under 
loads  similar  to  those  used  to  evaluate 
the  equivalent  moduli.  The  FWD  device 
can  be  used  to  implement  this  approach. 

The  second  approach  is  to  determine 
elastic  moduli  in  situ  and  to  perform 
laboratory  tests  on  representative 
samples  to  define  variation  in  moduli 
with  change  in  strain  level  and  to  some 
extent  with  stress  state.  By 
incorporating  the  laboratory  and  field 
results,  the  actual  nonlinear  behavior  of 
the  pavement  system  can  be  determined  for 
any  load  level.  Over  thirty  years  of 
research  in  geotechnical  earthquake 
engineering  have  shown  that  the  second 


Single  Amplitude  Axial  Strain,  <  ,  percent 


Figure  2  -  Variation  in  Normalized  Shear 
Modulus  with  Shearing  Strain 
and  Confining  Pressure 


approach  is  very  appropriate  and  yields 
consist  nt  and  realistic  results.  Tire 
SASW  testing  method  falls  into  this 
second  category  of  testing. 

The  variation  in  Young's  modulus 
with  strain  level  for  a  clay  is  shown  in 
Fig.  2.  For  convenience,  moduli  are 
normalized  relative  to  the  elastic 
modulus.  If  a  normalized  modulus-strain 
curve  such  as  that  shown  in  Fig.  2  is 
available  for  the  material,  then  moduli 
at  higher  strains  can  be  determined  once 
elastic  modulus  has  been  measured  in  the 
field.  Hardin  and  Drenvich  (1972)  and 
Seed  et  al  (1986)  have  suggested 
empirical  relationships  for  determining 
the  modulus-strain  relationship,  if 
performing  laboratory  tests  is  not 
possible  due  to  time  or  budgetary 
constraints.  An  example  of  one  possible 
procedure  to  incorporate  the  load-induced 
nonlinear  behavior  of  materials  in 
mechanistic  pavement  design  is  presented 
in  Nazarian  et  al  (1987). 

Theoretical  Aspects 

The  SASW  method  is  based  upon  the 
generation  and  detection  of  surface 
waves.  As  mentioned  before,  in  a 
homogeneous,  isotrcpic,  elastic,  half¬ 
space,  the  velocity  of  surface  waves  does 
not  vary  with  frequency  (wavelength). 
However,  since  the  properties  of  pavement 
layers  vary  with  depth,  surface  wave 
velocity  will  vary  with  wavelength.  This 
frequency  dependency  of  surface  waves  in 
a  heterogeneous  medium  is  termed 
dispersion,  and  surface  waves  are  said  to 
be  dispersive  waves.  A  plot  of  wave 
velocity  versus  wavelength  is  called  a 
dispersion  curve.  The  velocity  of 
propagation  of  interest  in  SASW  testing 
is  called  the  surface  wave  phase  velocity 
(sometimes  called  apparent  surface  wave 
velocity) .  Phase  velocity  is  defined  as 
the  velocity  with  which  a  seismic 
disturbance  of  a  single  frequency  is 
propagated  in  the  medium. 

An  idealized  profile  of  a  pavement 
system  is  shown  in  Fig.  3.  The  model 
shows  the  typical  (two  to  four)  layers 
corresponding  to  the  traditional  layers 
used  in  pavement  design  (Fig.  3a).  In 
the  model  used  to  simulate  analytically 
the  SASW  test,  each  of  these  traditional 
layers  can  be  divided  into  several 
sublayers  as  illustrated  in  Fig.  3b. 
These  sublayers  are  used  to  determine  the 
variation  in  modulus  within  each 
traditional  pavement  layer.  In  each 
sublayer,  values  of  thickness  (d), 
Poisson's  ratio  (v)  and  mass  density  (p) 


are  assigned.  However,  the  most 
important  material  parameter  is  the 
stiffness  of  each  layer  which  is 
introduced  into  the  model  as  shear  wave 
velocity. 

Different  methods  used  to  determine 
the  dispersion  function  are  discussed  in 
Nazarian  (1984).  The  reader  is  referred 
to  this  publication  for  more  information. 
The  first  theoretical  solution  for 
modelling  the  dispersive  characteristics 
of  surface  waves  in  a  form  suitable  for 
implementation  in  a  computer  algorithm 
was  developed  by  Thomson  (1950)  and  was 
revised  and  slightly  corrected  by  Haskell 
(1953).  The  Haskell-Thomson  technique 
builds  up  the  surface  wave  dispersion 
function  as  the  product  of  layer 
matrices.  These  matrices  relate  the 
displacement  components  as  well  as  the 
stress  components  acting  on  one  interface 
to  those  associated  with  the  adjacent 
interface.  The  product  of  these  layer 
matrices  then  relates  the  stress  and 
displacement  components  of  motion  at  the 
deepest  interface  to  those  at  the  free 
surface. 
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The  Haskell-Thomson  formulation  can 
be  effectively  used  to  determine  the 
dispersion  characteristics  of  earth  at 
low  frequencies  (less  than  0.2  Hz)which 
correspond  to  wavelengths  on  the  order  of 
several  kilometers.  However,  for 
pavement  applications  frequencies  in  the 
range  of  say  10  Hz  to  about  50  kHz  should 
be  excited  and  detected.  At  such  high 
frequencies,  some  components  involved  in 
the  calculation  of  phase  velocities 
become  extremely  large,  causing  a  loss  of 
significant  figures  in  the  dispersion 
function  which,  in  turn,  make  it 
impossible  to  obtain  accurate  values  for 
phase  velocity  at  a  given  frequency.  In 
extreme  cases,  these  values  may  exceed 
the  definition  of  the  infinity  of  the 
computer . 

Dunkin  (1965)  reformulated  the 
Haskell-Thomson  formulation  to  allow  the 
use  of  high  frequencies  in  the  solution 
of  the  dispersion  function.  Thrower 
(1965)  independently  reformulated  the 
Haskell-Thomson  solution  to  circumvent 
the  problem  of  large  values. 

In  soil  sites  the  stiffness  of 
different  layers  gradually  increases  with 
depth  so  that  the  normal  modes  of 
propagation  of  Rayleigh  waves  are 

Normalized  Phase  Velocity,  vpy,/vs1 
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Figure  3  - 


Idealized  Profile  of  a 
Pavement  System 
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Figure  4  -  Theoretical  Dispersion  Curve 
for  a  Stiff  Layer  Underlain 
by  a  half-space 


anticipated.  For  a  pavement,  on  the 
contrary,  the  stiffness  of  the  near 
surface  material  is  much  higher  than  the 
underlying  soil,  and  the  normal  mode  of 
vibration  should  be  expected  in  the 
subgrade.  Thrower  (1965)  indicated  that 
the  assumption  of  a  plate  on  a  half-space 
can  be  used  adequately  to  model  a 
pavement  system.  For  wavelengths  with 
phase  velocities  greater  than  shear  wave 
velocity  of  the  subgrade  material,  modes 
similar  to  antisymmetrical  modes  of 
propagation  in  a  plate  approximate 
pavement  systems  appropriately. 

To  apply  the  Haskell-Thomson  type 
solution  to  pavement  engineering  several 
simplifying  but  realistic  assumptions 
must  be  made.  These  assumptions  are: 

1.  the  problem  can  be  approximated  as  a 
plane  strain  problem; 

2.  stress  waves  propagating  in  the 
medium  are  solely  surface  waves; 

3.  each  layer  is  horizontal  and 
homogeneous;  and, 

4.  each  layer  is  assumed  to  extend 
horizontally  to  infinity. 

Sanchez-Sal inero  et  al  (1987) 
demonstrated  that  in  the  range  of 
stiffnesses  of  interest  in  pavement 
engineering,  the  effects  of  the  first  two 
assumptions  are  minor;  but  the  savings  in 
terms  of  computational  time  is 
significant.  Sheu  et  al  (1987)  based 
upon  an  experimental  investigation  of 
jointed  concrete  slabs,  showed  that  a 
proper  test  set-up  can  be  used  to 
minimize  and  essentially  eliminate  any 
boundary  effects  on  the  final  test 
results.  The  findings  of  this  research 
have  not  been  implemented  yet. 

A  typical  dispersion  curve  from  a 
two-layer  pavement  system  is  shown  in 
Fig.  4.  For  short  wavelengths,  the  phase 
velocity  is  about  90  percent  of  the  shear 
wave  velocity  of  the  upper  layer.  This 
phase  velocity  is  about  equal  to  the 
Rayleigh  wave  velocity  of  a  homogeneous 
half-space  consisting  of  the  upper 
material  only.  At  long  wavelengths,  the 
phase  velocity  becomes  asymptotic  to  the 
R-wave  velocity  of  the  bottom  layer  (the 
half-space.)  The  discontinuity  in  the 
curve  represents  a  change  in  the  mode  of 
vibration  as  discussed  in  Nazarian 
(1984) . 

As  mentioned  before,  besides  the 
stiffness  parameter) i .e. ,  shear  wave 
velocity),  Poisson's  ratio  and  mass 
density  are  entered  into  the  model.  It 
can  be  demonstrated  (Nazarian,  1984)  that 
the  effect  of  these  two  parameters  on  the 


dispersion  characteristics  of  surface 
waves  is  minimal  and  is  typically  less 
than  five  percent. 

Experimental  Aspects 

A  complete  investigation  of  a  site 
with  the  SASW  method  consists  of  three 
phases:  field  testing,  determination  of 
dispersion  curve,  and  determination  of 
stiffness  profile.  Each  phase  is 

described  in  this  section. 

Field  Testing.  The  main  goal  in 

performing  the  SASW  test  in  the  field  is 
to  obtain  an  experimental  dispersion 
curve.  Two  spectral  functions,  the  cross 
power  spectrum  and  the  coherence 
function,  are  utilized  for  this  task.  A 
schematic  diagram  of  the  SASW  testing  is 
shown  in  Fig.  5.  To  perform  a  test  in 
the  field,  several  steps  should  be  taken. 
These  steps,  which  are  itemized  for  ease 
of  reference,  are: 

1.  An  imaginary  centerline  for  the 
receiver  array  is  selected. 

2.  Two  receivers  are  then  placed  on  the 
ground  surface  an  equal  distance 
from  the  centerline. 

3.  A  disturbance  is  applied  to  the 

ground  surface  to  generate  stress 
waves  which  propagate  mostly  as 
surface  waves  of  various 

frequencies. 

4.  The  signals  from  similar 
disturbances  are  averaged  together. 

5.  The  records  are  monitored,  captured 
and  saved  for  further  reduction. 

6.  After  testing  is  completed,  the 

receivers  are  kept  in  their  original 
positions,  but  the  source  is  moved 
to  the  opposite  side  of  the 

imaginary  centerline  and  Steps  3 
through  5  are  repeated. 

7.  Steps  3  through  6  are  repeated  for 
other  spacings. 

Equipment.  As  mentioned  in  Steps  2, 
3  and  5,  two  or  more  receivers,  a  source 
and  a  recorder  are  required  for 

collecting  data. 

Typically,  accelerometers  are  used 
to  capture  high-frequency  (above  300  Hz) 

waves.  Based  on  much  experience,  use  of 
geophones  (velocity  transducers)  to 
capture  lower- frequency  waves  (less  than 
300  Hz)  is  highly  recommended. 

Sources  used  in  the  SASW  test  should 
be  able  to  generate  surface  waves  over  a 
wide  range  of  frequencies  (from  10  Hz  to 
more  than  50  KHz).  Ordinary  hand-held  or 
sledge  hammers  can  be  used  effectively  at 
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typical  pavement  sites.  Usually,  several 
hammers  are  needed.  Small  hammers  are 
used  to  generate  high  frequency  waves  to 
sample  the  surface  layer.  Larger  sledge 
hammers  are  successfully  used  to  generate 
low-frequency  waves  so  that  the 
properties  of  the  subgrade  can  be 
determined.  Drnevich  et  al  (1985) 
utilized  a  vibrator  connected  to  a  random 
noise  function  generator  as  a  source. 
Recently,  pulsating  crystals  have  been 
used  with  much  success  to  generate  very 
high-frequency  (higher  than  20  kHz)  waves 
which  are  necessary  for  sampling  the 
upper  few  inches  of  the  pavement  surface 
layer. 

The  recording  device  used 
successfully  to  collect  field  data  is  a 
spectral  analyzer.  A  spectral  analyzer 
has  the  capability  of  capturing  data  in 
the  time  domain,  digitizing  the  data 
properly,  operating  a  fast-Fourier 
transform  ( FFT )  on  the  signal  and, 
finally,  performing  spectral  analysis. 

Field  Set-up.  A  schematic  of  SASW 
testing  being  performed  at  one  point  is 
shown  in  Fig.  5.  Based  upon  an 
analytical  study,  Sanchez-Salinero  et  al 
(1987)  indicated  that  a  desirable 
distance  between  the  source  and  the  first 
receiver  is  equal  to  the  distance  between 
the  two  receivers.  Hiltenun  (1988) 
confirmed  this  recommendation,  based  upon 
experimental  tests  on  two  asphaltic- 
concrete  sections.  Sheu  et  al  (1987) 
recommended  that,  for  a  set-up  suggested 
by  Sanchez-Salinero  et  al,  wavelengths 
greater  than  three  times  the  distance 
between  the  receivers  should  not  be 
considered.  No  limitations  are  imposed 
on  the  shortest  wavelength  that  can  be 
used  for  a  given  receiver  spacing. 
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Figure  5  -  General  Configuration  of  SASW 
Testing 


Hiltenun  concluded  that  the  dispersion 
curve  is  independent  of  source-to-near- 
receiver  distance  if  wavelengths  larger 
than  twice  the  receiver  spacing  are 
eliminated. 

In  order  to  obtain  a  well-defined 
dispersion  curve,  several  receiver 
spacings  should  be  tested.  Nazarian  and 
Stokoe  (1985)  found  that,  to  maximize  the 
quality  of  the  experimental  dispersion 
curve,  a  common  receiver  midpoint  (CRMP) 
array  is  the  most  appropriate.  This 
array  is  depicted  in  Fig.  6  and  necessary 
testing  steps  are  itemized  under  Steps  6 
and  7  above.  As  mentioned,  in  this 
array,  the  receivers  are  moved 
symmetrically  about  an  imaginary 
centerline  for  each  test.  In  addition, 
at  each  receiver  spacing,  the  source  is 
used  on  one  side  of  the  receiver  array 
and  then  moved  to  the  other  side  of  the 
receiver  array  for  a  second  set  of  tests. 
This  receiver  geometry  was  recommended 
based  on  experimental  investigation  of 
soil  sites.  Hiltenun  (1988)  found  that 
for  asphaltic-concrete  sites  the  common 
source  (CS)  geometry  is  adequate.  In  the 
CS  geometry,  the  source  is  maintained  at 
one  point  and  the  receivers  are  moved 
farther  from  the  source.  This  set-up 
requires  less  testing  time  and  is  more 
appropriate  for  automated  data 
collection.  However,  for  manual  testing, 
the  extra  time  required  for  implementing 
the  CRMP  geometry  relative  to  the  level 
of  confidence  gained  over  the  quality  of 
data  warrants  its  use. 

There  are  two  other  advantages 
associated  with  the  CRMP  geometry.  By 
averaging  data  from  forward  and  reverse 
profiles  any  phase  shift  caused  by  the 
recording  device  or  the  receivers  can  be 
eliminated.  Also,  if  dipping  layers  are 
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present  in  the  profile,  averaging  will 
minimize  its  affect  on  the  experimental 
dispersion  -curve. 

The  quality  of  the  collected  data 
can  be  significantly  enhanced  by 
generating  and  averaging  spectral 
functions  several  times.  The  frequency 
averaging  minimizes  the  amplitude  of 
incoherent  background  noise  and  improves 
the  quality  of  the  actual  signal. 
Typically,  five  averages  are  adequate  to 
ensure  high-quality  spectral  functions. 

Tests  at  receiver  spacings  of  0.5  ft 
through  8  or  16  ft  are  generally  carried 
out  at  a  pavement  site.  This  testing 
set-up  requires  about  30  to  50  minutes. 
As  such,  the  SASW  tests  are  not  nearly  as 
economical  as  other  nondestructive  tests. 
However,  when  the  SASW  testing  method  is 
automated,  the  SASW  and  deflection  based 
tests  can  be  performed  at  comparable 
costs  and  testing  times. 

Construction  of  Experimental  Dispersion 
Curve 

As  mentioned  before,  from  field 
testing  two  sets  of  spectral  functions 
are  obtained  f'om  each  spacing.  These 
two  functions  are  the  phase  of  the  cross 
power  spectrum  and  the  coherence 
function.  In  this  section  the  process 
used  to  obtain  a  dispersion  curve  from 
these  spectral  functions  is  discussed. 

The  coherence  function  is  used  to 
visually  inspect  the  quality  of  signals 
being  recorded  in  the  field.  Upon 
averaging  the  signals,  the  coherence 
function  will  have  a  real  value  between 
zero  and  one  in  the  range  of  frequencies 
being  measured.  A  value  of  one  indicates 
perfect  correlation  between  the  signals 
being  picked  up  by  the  receivers  (which 
is  equivalent  to  a  signal-to-noise  ratio 
of  infinity).  Similarly,  a  value  of  zero 
for  the  coherence  function  at  a  frequency 
represents  no  relation  between  the 
signals  being  detected.  With  this 
approach,  data  collected  in  the  field  can 
be  conveniently  checked  in  the  field,  and 
the  test  can  be  modified  and  repeated  if 
necessary.  In  addition,  the  range  of 
frequencies  that  are  contaminated  can  be 
identified  and  omitted  during  data 
reduction. 

The  phase  information  of  the  cross 
power  spectrum  is  used  to  obtain  the 
relative  phase  shift  at  each  frequency. 
This  phase  shift  results  from  the  fact 
that  waves  sensed  at  the  near  receiver 
must  travel  an  additional  distance  D  (see 
Fig.  5)  to  be  sensed  at  the  far  receiver. 
This  phase  shift  can  be  translated  into 
travel  time. 


Construction  of  dispersion  curves 
has  been  discussed  in  detail  in  Nazarian 
and  Stokoe  (1985).  In  summary,  the  range 
of  frequencies  with  a  coherence  value  of 
more  than  0.90  are  selected  from  the 
record.  For  each  frequency  (f)  in  this 
range,  the  phase  shift  is  picked  from  the 

phase  information  of  the  cross  power 

spectrum.  Knowing  the  phase  ( 4> ) ,  the 
travel  time  (t)  can  be  calculated  by: 

t  =  <f>/360f  (3) 

and  the  phase  velocity  (V  .  )  can  be 
obtained  by:  P 

Vph  =  D/t  (4) 

where  D  is  the  distance  between  the 

receivers.  The  wavelength  L  .  is  related 
to  velocity  and  frequency  by? 


Typical  records  from  spectral 
analyses  performed  on  signals  measured  on 
an  Asphaltic  Concrete  Pavement  (ACP)  are 
shown  in  Fig.  7.  Figure  7a  is  the 
coherence  function  and  Fig.  7b  is  the 
phase  information  from  the  cross  power 
spectrum.  The  dispersion  curve 
constructed  from  this  record  is  shown  in 
Fig.  8  in  the  range  of  wavelengths  of  0.5 
to  2  ft  (for  clarity,  only  every  6th  data 
point  is  plotted).  The  solid  circles 
numbered  1  to  5  in  Fig.  8  correspond  to 
the  points  marked  as  1  to  5  on  the  phase 
information  of  cross  power  spectrum  in 
Fig.  7b.  These  points  are  positioned 
every  1000  Hz  at  frequencies  from  1000  to 
5000  Hz. 

The  dispersion  curve  between  points 
1  and  2  (frequencies  from  1000  to  2000 
Hz)  covers  a  range  of  wavelengths  from 
1.13  to  1.65  ft.  However,  for  a  similar 
increment  in  frequency  range  between 
points  4  and  5  (frequencies  from  4000  to 
5000  Hz),  a  smaller  portion  of  the 
dispersion  curve  corresponding  to  a  range 
of  wavelengths  of  0.61  to  0.72  ft  is 
obtained.  As  such,  for  a  given  record, 
the  dispersion  curve  is  better  defined  at 
the  higher  frequencies  in  the  record,  and 
for  that  reason  the  range  of  frequencies 
at  different  receiver  spacings  should  be 
reduced  to  gain  better  resolution  at 
lower  frequencies. 

Once  the  dispersion  data  (phase 
velocity  versus  wavelength)  for  all 
frequencies  and  all  spacings  are 
determined,  an  averaging  process  is  used 
to  reduce  the  number  of  dispersion  data 
points  from  several  thousands  to  several 
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hundreds.  The  criterion  used  to  average 
data  obtained  at  different  spacings  is  as 
follows.  At  each  frequency,  the  mean, 
standard  deviation  and  coefficient  of 
variation  of  velocities  are  calculated. 
If  the  coefficient  of  variation  is  less 
than  7.5  percent,  the  mean  is  accepted  as 
the  average.  However,  if  the  coefficient 
of  variation  does  not  satisfy  this 
criterion,  points  that  are  outside  0.67 
times  one  standard  deviation  (outliers) 
are  omitted,  and  the  process  is  repeated. 

Determination  of  Stiffness  Profile 

In  this  step,  the  thickness  and 
stiffness  of  different  layers  in  the 
pavement  profile  are  determined  from  the 
experimental  phase  velocity-wavelength 
relationship.  This  process  is  loosely 
called  the  inversion  of  the  dispersion 
curve  or  in  short  "inversion".  The 
inversion  process  is  the  most  important 
step  in  performing  the  SASW  tests  and 
without  it  no  meaningful  stiffness 
profile  can  be  determined. 

In  general  terms,  this  problem  can  be 
formulized  as: 

g(d,m)  =  0  (6) 

where  d  is  a  vector  representing  the 
observed  data,  m  is  a  vector 
corresponding  to  the  parameters  that 
should  be  determining  and  g  is  a  matrix 
corresponding  to  the  relationship  between 
m  and  d.  For  example,  in  the  SASW  tests, 
d  corresponds  to  phase  velocities  at 
given  wavelengths  ( as  measured  in  the 
field);  parameters  m  are  the  shear  wave 
velocities  and  thicknesses  of  different 
layers  and  g  is  the  Haskell-Thomson 
algorithm.  Our  goal  is  to  determine 


FREQUENCY,  kHz 

a)  Coherence  Function 


vector  m  (stiffness  profile)  given  vector 
d  (experimental  dispersion  curve).  The 
most  desirable  and  accurate  approach  to 
this  problem  would  be  an  analytical 
solution.  In  mathematical  terms  this 
solution  can  be  written  as: 

m  =  g-1(d)  (7) 


Note  that  to  obtain  the  analytical 
solution  one  should  be  able  to  separate 
the  model  parameters  from  the  data.  In 
addition  one  should  be  able  to  obtain 
readily  the  inverse  of  the  g  matrix. 
Unfortunately,  both  of  these  criteria 
(separating  m  and  d  and  obtaining  inverse 
of  g)  are  mathematically  impossible  for 
the  Haskell-Thomson  solution. 

The  alternative  approach  is  to 
perform  forward  modeling.  In  the  forward 
modeling  (a.k.a.  backcalculating  or 
system  identification)  process,  values 
are  assigned  to  vector  m.  Based  on  this 
vector  ra  and  the  model  g,  a  vector  t 
containing  theoretical  data  comparable  to 
d  (observed  data)  is  obtained.  If  the 
difference  between  d  and  t  is  less  than  a 
given  tolerance,  it  is  assumed  that  the 
vector  m  corresponds  to  the  model 
representative  of  the  measured  system. 
If  the  difference  between  d  and  t  is  not 
within  tolerance,  the  vector  m  is 
modified  and  a  new  t  is  calculated. 

The  major  weaknesses  cf  forward¬ 
modelling  are:  (1)  many  iterations  are 
required;  and  (2)  the  number  of 
iterations  depends  on  the  experience  of 
the  person  performing  forward-modelling. 

Two  means  of  improving  the  process, 
which  have  not  yet  been  implemented,  are 
by  utilizing  either  optimization 
techniques  (Reklaitis  et  al,  1983)  or 
generalized  inverse  theory  (Menke,  1984). 


FREQUENCY,  kHz 
b)  Cross  Power  Spectrum 


Figure  7  -  Typical  Spectral  Function  for  SASW  Tests 
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Wavelength,  ft 


It  would  be  beneficial  to  define  these 
two  processes. 

In  general  terms,  optimization 
theory  is  a  group  of  mathematical 
calculations  combined  with  numerical 
methods  for  finding  the  best  candidate 
from  a  collection  of  alternatives  without 
having  to  evaluate  all  possible 
alternatives  (Reklaitis  et  al,  1983).  In 
the  optimization  technique  one  minimizes 
(or  alternatively  maximizes)  a  series  of 
functions.  As  applied  to  the  SASW 
method,  the  objective  is  to  minimize  the 
function  e  where 

e  = | d  -  t|  (8) 

In  optimization  techniques,  the  general 
solution  is  coded  in  a  computer  program 
and  the  specific  function  is  included  in 
the  orogram  through  a  subroutine. 

In  simple  terms,  when  optimization 
techniques  are  applied  to  determine  the 
stiffness  profile  from  the  field 
dispersion  data,  the  algorithm  developed 
will  automatically  go  through  iterations 
and  will  find  the  best  match  between  the 
theoretical  and  experimental  dispersion 
data  or  (as  mentioned  before)  will 
minimize  function  e  introduced  in  Eq.  8. 


Figure  0  -  Dispersion  Curve  Obtained 
from  Phase  of  Cross  Power 
Spectrum  shown  in  Figure  7 


The  advantage  of  this  technique  is  that 
the  process  will  be  much  faster. 

The  last  alternative  is  the  use  of 
general  inverse  theory  to  determine  the 
model  parameters,  m,  given  observed  data, 
d,  and  the  model,  g.  A  simplified  way  of 
describing  the  use  of  general  inverse 
theory  is  that,  based  upon  an  assumed 
probability  density  function  over  the 
observed  data  and  model  parameters,  a 
priori  information  on  the  model 
parameters,  and  the  information  on  the 
model,  one  can  obtain  the  model 
parameters  readily.  We  distinguish 
between  the  optimization  and  utilization 
of  inverse  theory  by  indicating  that  the 
optimization  is  used  to  automate  forward¬ 
modelling;  whereas,  utilization  of 
inverse  theory  will  yield  the  model 
parameters  by  containing  observed  data, 
model  and  probability  functions. 

Presently  forward  modelling 
techniques  are  utilized  for  carrying  out 
the  "inversion"  process.  A  shear  wave 
velocity  profile  is  assumed  and  a 
theoretical  dispersion  curve  is 
constructed.  The  experimental  and 
theoretical  curves  are  compared,  and 
necessary  changes  are  made  in  the  assumed 
shear  wave  velocity  profile  until  the 
experimental  and  theoretical  dispersion 
curves  match  with  a  reasonable  tolerance. 
A  user-friendly,  interactive  program 
called  INVERT  (Nazarian,  1984)  has  been 
developed  to  perform  this  task.  An 
engineer  can  be  trained  in  a  reasonable 
amount  of  time  to  perform  inversion  using 
this  program.  As  discussed  previously  in 
this  paper,  the  theoretical  model 
developed  for  the  inversion  process  is 
based  on  a  Haskell-Thomson  type  matrix 
solution  for  elastic  waves  in  a 
multilayered  solid  medium. 

CASE  STUDIES 

In  this  section,  several  case 
studies  are  presented  to  demonstrate  some 
of  the  clear  advantages  of  the  SASW 
method  compared  to  other  nondestructive 
testing  techniques. 

Case  1  -  Determination  of  Layering 

A  series  of  tests  was  performed  at 
nine  randomly-selected  flexible  pavement 
sections  with  significantly  different 
profiles  to  substantiate  the  accuracy 
with  which  layer  thicknesses  can  be 
determined  by  the  SASW  method.  The  sites 
were  located  at  the  Pavement  Testing 
Facility  operated  by  the  Texas 
Transportation  Institute  (TTI).  Material 
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profiles  of  ail  sections  are  included  in 
Table  1.  The  thickness  of  the  asphaltic- 
concrete  surface  layer  varied  from  1  to  5 
inches.  The  base  and  subbase  materials 
were  either  crushed  limestone  or  a 
mixture  of  crushed  limestone  with  lime  or 
Portland  cement.  No  information 
regarding  the  types  or  thicknesses  of  the 
layers  was  provided  during  the  data 
collection  or  reduction  phases.  Only 
after  the  results  were  reported  to  the 
funding  agency  were  the  pavement  profiles 
provided. 

The  results  of  this  study  are 
reported  in  full  detail  in  Nazarian  et  al 
(1988).  Layer  thicknesses  determined 
from  the  SASW  tests  are  compared  with 
those  obtained  from  construction  drawings 
in  Table  1  and  Fig.  9.  In  general, 
thicknesses  determined  by  the  SASW  tests 
seem  very  reasonable.  The  accuracy  of 
the  layer  boundaries  determined  could 
have  been  improved  by  assuming  more 
layers,  however,  the  practical  value  of 
more  detailed  profiles  is  questionable  in 
the  design  process  but  may  be  important 
for  construction  control. 

It  is  important  to  note  that,  when 
the  stiffness  of  two  adjacent  layers  are 
quite  similar,  it  is  not  possible  to 
distinguish  between  these  two  layers. 
For  example,  when  the  stiffness  of  say 
the  AC  and  base  layers  are  similar,  it  is 
not  possible  to  identify  the  thickness  of 
the  AC  layer.  For  design  purposes,  this 
matter  is  not  a  significant  consequence. 


Case  2  -  Utility  of  Inversion  Process 

To  test  the  utility  of  the  inversion 
process,  two  series  of  tests  at  the  same 
site  were  performed  on  the  embankment  of 
an  overpass.  The  first  series  of  tests 
was  performed  after  the  embankment  was 
raised  to  its  final  elevation  but  before 
placement  of  the  pavement.  Crosshole 
seismic  tests  (Richart  et  al,  1970)  were 
carried  out  at  this  time  also.  The 
second  test  series  was  performed  after 
the  granular  base  and  pavement  were 
placed.  The  nominal  thicknesses  of  the 
asphalt  and  base  layers  were  2.5  and  15 
in.,  respectively. 

C 


Figure  9  -  Comparison  of  Thicknesses 
from  SASW  and  Construction 
Drawings  (Case  1) 


Table  1  -  Comparison  of  Thicknesses  from  SASW  and  Construction  Drawings 
(Case  1) 


LS+L:  Crushed  Limestone  mixed  with  2%  Lime 
*  Subbase  and  Base  constructed  from  same  materials. 

+  AC  Layer  and  Base  have  similar  modulus  and  would  be  interpreted  as  one 
layer  if  the  material  profile  was  never  known. 
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As  reflected  in  Fig.  10,  Young's 
modulus  profiles  from  the  SASW  and 
crosshole  tests  performed  during  the 
first  series  of  tests  agree  quite  well. 
The  Young's  modulus  profile  obtained  from 
the  second  series  of  SASW  tests  is  also 
included  in  Fig.  10.  Generally,  the  two 
profiles  obtained  by  tne  SASW  method 
match  quite  well.  However,  in  the  range 
of  depths  of  1.5  to  2.5  ft,  the 
difference  in  Young's  moduli  is  about  34 
percent.  This  is  because  the  first  few 
feet  of  the  ground  were  compacted  further 
due  to  placement  of  the  base  layer  and 
pavement.  At  depths  below  4.5  ft,  the 
percentage  deviation  between  moduli 
oscillate  between  high  (48%)  and  low  (4%) 
values.  This  occurs  because  of  the 
coarse  layering  which  was  used  to  reduce 
the  first  SASW  test  series.  Had  finer 
layering  been  chosen,  the  results  would 
have  been  in  better  agreement  at  depths 
of  5  and  6  ft. 

Case  3  -  Presence  of  Bedrock 

This  case  study  is  included  to 
demonstrate  the  applicability  of  the  SASW 
method  in  determining  the  stiffness 
profile  at  a  site  where  bedrock  is  near 
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Figure  10  -  Comparison  of  Young's  Modulus 
Profiles  from  before  and 
after  Placement  of  Pavement 
Layers  (Case  2) 


the  ground  surface.  Two  sites,  about 
1000  ft  apart,  were  selected  near  Austin, 
Texas.  Both  sites  had  identical  pavement 
layers.  The  top  layer  was  asphaltic- 
concrete  with  a  nominal  thickness  of  1.5 
in.  The  base  material  was  a  very  dense 
granular  base  layer  with  a  thickness  of 
15  in.  The  first  site  was  located  in  a 
valley.  The  layer  between  the  base  and 
limestone  was  simply  rock-fill  material. 
Limestone  was  not  encountered  within  the 
maximum  depth  of  drilling  (25  ft).  The 
subgrade  of  the  second  site  consisted  of 
about  5  ft  of  rock-fill  material  over 
limestone.  A  series  of  SASW  tests  was 
performed  at  each  site. 

Dispersion  curves  obtained  from  the 
two  sites  are  compared  in  Fig.  11.  It 
can  be  seen  that  the  two  curves  are 
similar  up  to  a  wavelength  of  about  2  ft. 
Between  wavelengths  of  about  2  and  6  ft, 
the  dispersion  curve  from  Site  2  exhibits 
higher  phase  velocities.  The  most 
significant  difference  between  the  two 
curves  occurs  in  the  ranges  of 
wavelengths  of  15  to  30  ft,  where  phase 
velocities  for  Site  1  are  more  or  less 
constant.  Phase  velocities  for  the  second 
site  increase  significantly  with 
wavelength.  The  presence  of  a  very  stiff 
layer  was  quite  obvious  using  the  SASW 
method  even  before  the  reducuio..  of  data 
(i.e.,  the  inversion  process).  However, 
with  deflection-based  methods,  the 
existence  of  bedrock  is  not  obvious,  and 
if  the  location  of  bedrock  is  not  known, 
the  stiffness  profile  obtained  after 
backcalculating  moduli  will  be  in  error. 

The  composite  profile  of  one  of  the 
sites  is  shown  in  Fig.  12.  Based  upon 
comparison  with  the  drilling  logs,  the 
thicknesses  of  different  layers  were 
predicted  closely  in  both  cases.  A 
series  of  crosshole  seismic  tests  was 
carried  out  at  each  site  as  well.  Values 
of  Young's  modulus  obtained  by  the  two 
methods  are  typically  within  25  percent 
as  reflected  in  Fig.  12  which  represents 
good  agreement. 

Modulus  profiles  from  Sites  1  and  2 
are  compared  in  Fig.  13.  Near  the 
surface  (i.e.  for  the  AC  and  base  layer) 
the  stiffnesses  are  close.  However,  down 
to  a  depth  of  about  50  in.  the  subgrade 
at  Site  2  is  stiffer  than  that  at  Site  1. 
The  subgrade  materials  of  the  two  sites 
exhibit  quite  similar  stiffnesses  from  a 
depth  of  50  in.  to  about  80  in.  where 
limestone  is  encountered  at  Site  2.  The 
detailed  and  accurate  modulus  profiles 
obtained  at  these  two  sites  demonstrates 
the  value  of  the  SASW  method. 
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Case  4  -  Diagnostic  Tool 

Two  sites,  0.8  miles  apart,  were 
tested  to-  determine  wHy  one  section 
rutted  while  the  other  did  not. 
Visually,  the  pavement  at  Site  1  was  in 
excellent  condition,  and  no  cracking  or 
depression  could  be  located.  On  the 
other  hand,  Site  2  was  selected  at  a 
point  were  cracks  were  visible,  and  the 
pavement  was  rutted  approximately  1  in. 

Based  upon  construction  drawings, 
material  profiles  of  the  two  sites  were 
the  same  consisting  of  1  in.  of  AC, 
underlain  by  about  10  in.  of  granular 
base  on  a  clayey  subgrade. 

The  average  dispersion  curves 
obtained  at  the  two  sites  over  a  range  of 
wavelengths  of  0  to  3  ft  are  compared  in 
Fig.  14.  The  two  curves  follow  each 
other  quite  well  in  the  range  of 
wavelengths  less  than  0.5  ft  and  greater 
than  2.5  ft.  However,  in  between  these 
limits,  phase  velocities  from  Site  2  are 
less  than  those  from  Site  1.  This 
indicates  that  for  layers  relatively 
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Figure  14  -  Comparison  of  Dispersion 
Curves  from  Competent  and 
Deteriorated  Sites  (Case  4) 


close  to  the  surface,  Site  1  exhibits 
greater  stiffness  than  Site  2.  This 
comparison  demonstrates  the  role  of 
dispersion  curves  as  a  valuable  tool  to 
detect  changes  in  stiffness  profile  with 
time  or  location. 

Young's  moduli  obtained  from  the  two 
sites  are  compared  in  Fig.  15.  The  base 
materials  are  aDout  70  percent  stiffer  at 
Site  1  than  Site  2,  and  the  subgrade  is 
about  15  percent  stiffer  at  Site  1.  One 
possible  reason  for  the  deterioration  of 
the  pavement  at  Site  2  is  due  to  the 
softer  base  material.  Subsequent  coring 
of  the  two  sites  confirmed  the  existence 
of  a  softer  base  material  (Nazarian  et 
al,  19o7). 

CONCLUSIONS 

The  theoretical  and  experimental 
aspects  of  the  SASW  method  were  described 
herein.  Compared  to  other  nondestructive 
testing  methods,  the  SASW  method  yields  a 
more  detailed  modulus  profile.  This 
feature  is  quite  desirable  for  project 
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Figure  15  -  Comparison  of  Young's  Modulus 
Profiles  from  C >mpetent  and 
Deteriorated  Sites  Case  (4) 
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level  studies.  In  particular,  the  SASW 
method  is  sensitive  to  the  properties  of 
thin  surface  layers  and  layering  within 
the  subgrade;  whereas  other  NDT  methods 
typically  result  in  erroneous  modulus 
profiles. 

Four  case  studies  were  presented  to 
show  some  of  positive  aspects  of  the  SASW 
method  such  as  obtaining  layer 
thicknesses,  demonstrating  the  utility  of 
the  inversion  process,  determining  the 
location  of  bedrock  and  correctly 
obtaining  the  modulus  of  the  subgrade 
overlying  the  bedrock;  and  finally,  as  a 
diagnostic  tool  for  determining  the  cause 
and  extent  of  deterioration  in  a  pavement 
system. 
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ALASKA'S  EXPERIENCES  WITH  NON  DESTRUCTIVE  TESTING 


Billy  Connor,  PE.,  ADOT&PF  Statewide  Research  Manager 


ABSTRACT 

Alaska  has  been  using  deflection  testing 
since  the  mid  1960’s  to  estimate  pavement 
strength  and  predict  pavement  performance.  The 
first  use  of  these  data  was  primarily  for  estab¬ 
lishment  of  load  restrictions.  In  1981  deflection 
data  became  the  basis  for  overlay  design.  The 
Alaska  Department  of  Transportation  purchased 
a  RoadRater  in  1981.  However,  the  low  load  and 
cyclic  loading  proved  not  to  be  useful,  especially 
during  spring  thaw.  As  a  result,  a  falling  weight 
deflectometer  was  purchased  in  1983.  Since  that 
time,  deflection  data  has  been  used  to  analyze 
pavement  structures  for  design  as  well  as  for  load 
restrictions. 

Use  of  nondestructive  testing  in  cold 
regions  presented  unique  problems  which  require 
specialized  techniques.  These  include  the  need  to 
estimate  accurately  thaw  depths  and  seasonal  ef¬ 
fects.  Alaska  is  implementing  a  mechanistic  over¬ 
lay  design  procedure  which  requires  that  these 
effects  be  taken  into  account.  Numerous  techni¬ 
ques  have  been  tried  with  varying  levels  of  success. 
However,  no  technique  has  proven  *o  be  com¬ 
pletely  successful.  For  example,  backcalculation 
procedures  which  have  proven  successful  in 
temperate  climate  have  severe  limitations  when 
used  during  spring  thaw  or  when  f.  ozen  soils  are 
near  the  surface.  This  paper  discusses  Alaska’s 
experience  including  what  has  and  what  has  not 
been  successful. 


INTRODUCTION 

Non-destructive  testing  (NDT)  in  Alaska 
has  evolved  from  the  use  of  the  Benkelman  beam 
to  the  current  use  of  the  falling  weight  deflec¬ 
tometer.  As  technology  improved,  the  confidence 
in  deflection  based  procedures  increased.  Deflec¬ 
tion  data  is  used  to  establish  load  restrictions, 
predict  pavement  performance,  design  overlays 
and  research.  NDT  has  provided  an  invaluable 
tool  to  measure  in-situ  soils  properties  and  struc¬ 
tural  response  and  the  ability  to  estimate  soil  layer 
strengths.  As  a  result,  our  understanding  of  pave¬ 
ment  response  and  performance  has  improved 
dramatically  over  the  last  20  years.  This  paper 
discusses  Alaska’s  experiences,  both  positive  and 
negative,  in  hopes  that  others  will  benefit. 

LOAD  RESTRICTIONS 

The  vr  •  of  non-destructive  testing  began  in 
AlasKa  in  the  1960’s  with  the  implementation  of 
the  Benkelman  Beam  to  establish  load  restrictions 
during  spring  thaw.  These  early  procedures  re¬ 
quired  load  restrictions  when  the  deflection  ex¬ 
ceeded  the  0.050  inches.  Even  then,  the  use  of  the 
Benkelman  Beam  was  limited  primarily  to  the 
urban  areas. 

A  procedure  was  developed  in  1980  for 
establishing  load  restrictions  based  upon  the 
premise  that  the  springtime  damage  would  be 
limited  to  that  which  would  normally  occur  during 
the  summer  months. (1)  Through  the  use  of  the 
Canadian  Good  Roads  Association  life  prediction 
curves  shown  in  Figure  1,  the  curves  shown  in 
Figure  2  were  developed.  The  curves  were  based 
upon  equation  1. 
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Fig.  1.  CGRA  life  prediction  cruvcs. 


Fig  2.  Determination  of  required  load  restrictions. 
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^(spring)  =  ^  W2  +  1  ^4-79  eq  _  i 
Nf(summcr)  Wi  +  1 

where: 

Nf(spring)  =  the  number  of  cycles  to  failure 
failure  based  on  the  spring 
deflection 

Nf(summer)  =  the  number  of  cycles  to  failure 
based  on  the  summer  deflection 
W2  =  the  spring  single  axle  loading 
Wi  =  the  legal  single  axle  load  (18  kips) 

These  curves  provided  a  simple  method  of 
determining  the  required  load  limits  required  for 
any  set  of  deflection  measurements.  In  actual 
practice  only  two  values  of  load  limits  are  used, 
75%  and  50%. 

PAVEMENT  DESIGN 

In  the  late  1960’s  and  the  early  1970’s,  state 
policy  concentrated  on  getting  a  paved  surface  on 
all  of  Alaska’s  primary  network.  As  a  result,  the 
structural  section  usually  consisted  of  3  to  4  feet 
of  borrow,  6  inches  of  subbase  (1  inch  minus),  6 
inches  of  base  course  (3/4  inch  minus)  and  2  in¬ 
ches  of  hot  asphalt  pavement.  By  1977,  rapid 
deterioration  of  some  paved  sections  precipitated 
the  need  for  improved  design  procedures.  The 
Statewide  Materials  Laboratory  began  a  four  year 
research  program  to  determine  why  some  roadway 
sections  failed  while  others  had  good  perfor¬ 
mance. (2)  As  part  of  this  study,  120  one-mile 
roadway  sections  were  monitored  using  the 
Benkelman  Beam.  From  this  work,  relationships 
were  found  between  fines  content,  deflection,  and 
performance.  A  design  procedure  based  on  this 
study  was  developed  in  1981  which  limited  the 
fines  content  with  depth.  This  design  procedure 
predicts  the  Benkelman  Beam  deflection  at  the 
top  of  the  base  course.  The  predicted  deflection 
is  then  used  with  the  Asphalt  Institute  overlay 
design  curves  to  determine  the  pavement  thick¬ 
ness.  This  design  procedure  is  still  in  use. 

As  part  of  the  1981  Pavement  Design 
Guide,  an  overlay  design  procedure  was 
developed  which  required  the  use  of  deflection 
testing  during  the  spring  thaw  period  using  the 


Canadian  Good  Roads  Association  (CGRA) 
rebound  method  and  the  Asphalt  Institute  overlay 
design  curves.  This  procedure  has  several 
problems.  First,  it  does  not  consider  the  current 
condition  of  the  pavement.  The  deflection  may 
show  no  overlay  is  required  while  the  surface 
shows  fatigue  cracking.  Second,  it  does  not  con¬ 
sider  the  thickness  of  the  existing  pavement  which 
has  an  effect  on  the  pavement  performance  after 
the  overlay.  Thirdly,  the  procedure  does  not  con¬ 
sider  the  relationship  between  e  pavement 
modulus  and  the  fatigue  life.  As  a  result,  this 
procedure  is  being  replaced  with  a  fully  mechanis¬ 
tic  design  procedure. 

SAMPLING  INTERVAL 

In  an  effort  to  determine  the  appropriate 
sampling  interval.  McHattie  and  Connor  reviewed 
the  deflection  data  collected  on  the  120  roadway 
sections.  Through  the  use  of  the  Student’s  T  table 
for  a  confidence  level  of  90%  that  no  more  than 
0.01  inch  error  in  the  true  mean  deflection  would 
occur,  the  sampling  interval  in  Table  1  w-as 
developed.  Table  1  represents  the  number  of 
measurements  required  to  characterize  the  smal¬ 
lest  design  section.  The  minimum  number  of 
deflection  measurements  required  per  section  is 
not  dependent  upon  the  the  section  length.  For 
example,  if  the  smallest  design  segment  is  0.10 
mile,  and  the  average  deflection  is  anticipated  to 
be  30  mils,  and  the  standard  deviation  is  an¬ 
ticipated  to  be  12  mils,  then  there  must  be  4  meas¬ 
urements  per  0.10  mile  or  40  measurements  per 
mile.  However,  this  approach  is  rarely  used  in  the 
design  of  a  deflection  measurement  program. 


Table  1:  Deflection  Sampling  Frequency 

Average 

Standard 

Minimum 

Deflection 

Deviation 

Number  of 

(mils) 

(mils) 

Measurements 

5 

6 

2 

5-40 

12 

4 

>40 

20 

7 

Fig.  3.  Comparison  of  actual  and  adjusted  deflections. 


Fig.  4.  Vertical  strain  in  base. 


Fig.  5.  Predicted  thaw  depth  using  FROST. 

CURRENT  PRACTICE 

The  use  of  the  FWD  is  well  established 
within  the  DOT&PF.  Deflection  data  is  required 
for  all  rehabilitation  projects.  However,  the  use  of 
the  deflection  varies  with  the  designer.  Most 
designers  still  use  the  Asphalt  Institute  design  cur¬ 
ves  and  the  center  deflection  to  determine  the 
required  overlay  thickness.  However,  the  trend  is 
to  move  toward  the  fully  mechanistic  approach 
especially  in  the  high  traffic  areas. 

Statewide  Research  with  the  aid  of  Oregon 
State  University  (OSU)  has  developed  a  fully 
mechanistic  overlay  design  procedure  which  is 
currently  in  the  process  of  being  implemented  (6). 
At  the  heart  of  the  procedure  are  two  computer 
programs  developed  at  OSU,  BOUSDEF  and 
MECHOD.  BOUSDEF  is  a  backcalculation 
routine  which  is  based  upon  the  equivalent  layer 
approach.  This  program  has  the  primary  ad¬ 
vantage  of  speed.  Typical  backcalculations  take 
about  15  seconds  on  an  IBM  AT  computer.  The 
backcalculation  procedures  run  on  the  same  com¬ 
puter  take  about  25  minutes  or  more.  The  pro¬ 
gram  has  also  proven  to  be  more  reliable  for 
backcalculation  of  moduli  during  spring  thaw. 
The  moduli  predicted  by  BOUSDEF  have  also 
compared  well  with  the  linear  elastic  approaches. 

The  MECHOD  computer  program  simply 
automates  the  mechanistic  design  approach.  The 
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As  part  the  development  of  a  life  cycle 
costing  model,  an  equation  was  developed  which 
correlated  fatigue  cracking,  the  Benkelman  Beam 
deflection  and  the  number  of  equivalent  axle  load¬ 
ings  (EAL)  shown  in  equation  2  (3) 

log(FC)  =  -19.05  +5.67  log(BB)  eq.  2 
+  2.09  log  (N) 

where: 


Alaska  purchased  its  first  falling  weight 
deflectometer  (FWD)  in  1983.  Again,  a  correla¬ 
tion  was  developed  between  the  Benkelman  Beam 
and  the  FWD  as  shown  in  equation  4.(4) 

FWD  =  (0.97)(BB)  +  0.00523  eq.  4 

R2  -  0.88 

where: 


FC  =  %  fatigue  cracking 

BB  =  Benkelman  Beam  deflection 

N  =  Number  of  18  kip  equivalen  axle  loadings 

This  equation  has  proven  very  useful  in 
estimating  remaining  life  of  pavements. 

ROAD  RATER 

The  State  of  Alaska  bought  a  Road  Rater 
Model  2000  in  1981  in  an  effort  to  replace  the 
Benkelman  Beam.  However,  it  soon  became  ap¬ 
parent  that  the  Road  Rater  would  not  be  useful  in 
Alaska.  The  first  efforts  to  use  the  Road  Rater 
(insisted  of  developing  a  correlation  between  the 
Benkelman  Beam  and  the  Road  Rater  as  shown  in 
equation  3.(4) 

RR  =  (0.11)BB  +  0.5  eq.  3 

R2  -  0.60 

where: 

RR  =  the  Road  Rater  center  deflection 
BB  =  the  Benkelman  Beam  deflection 

Repeatability  tests  were  then  performed  to 
determine  the  repeatability  of  the  test.  It  was 
found  that  when  the  granular  layers  were  soft, 
standing  waves  were  set  up  which  caused  the  cen¬ 
ter  deflection  to  be  lower  than  the  distant  deflec¬ 
tions.  The  primary  reason  was  found  to  be  that  the 
vibratory  load  liquified  the  soil  layers  causing  un¬ 
predictable  results.  As  a  result,  the  deflections 
measured  became  a  function  of  the  load  and  the 
frequency.  The  use  of  the  Road  Rater  was  aban¬ 
doned. 


FWD  =  the  center  deflection  of  the  falling 
weight  deflectometer 
BB  =  the  Benkelman  Beam  deflections 

As  can  be  seen,  the  FWD  correlates  quite 
well  with  the  Benkelman  Beam.  The  FWD  also 
offers  the  advantage  of  defining  the  deflection 
basin  which  has  been  recognized  as  necessary  data 
to  determine  the  soil  reaction  to  loading.  This 
additional  data  spawned  several  research  studies 
which  more  accurately  define  the  pavement  struc¬ 
ture  and  its  response. 

Stubstad  and  Connor  recognized  that  the 
maximum  center  deflection  may  not  correspond 
with  the  period  of  maximum  damage  potential. (5) 
Several  deflections  were  analyzed  using  ISSEM4 
and  Chev  N-layer  computer  programs  to  deter¬ 
mine  when  the  maximum  damage  potential  would 
occur  during  spring  thaw.  A  typical  analysis  is 
shown  in  Figure  3.  The  maximum  fatigue  damage 
potential  in  this  example  was  found  to  occur  when 
the  thaw  depth  was  about  1  foot.  This  trend  can 
be  observed  in  all  pavements  which  have  frost 
susceptible  base  courses.  In  order  to  take  ad¬ 
vantage  of  the  existing  load  restriction  procedures, 
the  computer  program  FROST  was  developed 
which  presented  an  equivalent  center  deflection 
which  would  cause  the  same  damage  as  a  com¬ 
pletely  thawed  embankment.  This  was  ac¬ 
complished  by  comparing  the  horizontal  tensile 
strains  in  the  bottom  of  the  asphalt  layer  and  the 
shear  stress  in  the  base  course  as  shoum  in  Figure 
4.  A  by-product  of  this  analysis  was  an  estimation 
of  the  thaw  depth  which  can  be  used  as  a  first 
estimate  of  thaw  depth  in  the  backcalculation  of 
moduli,  as  shown  in  Figure  5.  However  as  the  thaw 
depth  increases  the  uncertainty  of  the  prediction 
also  increases. 
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Fig.  6.  Input  screen  for  MECHOD. 


input  screen  shown  in  Figure  6,  requires  only 
moduli  and  traffic  data  as  input.  As  shown,  the 
programs  allows  the  year  to  be  broken  into  4 
seasons  to  account  for  the  variability  of  materials 
strength  through  the  year.  The  traffic  must  also  be 
distributed  through  the  four  seasons.  Since  the 
concept  of  remaining  life  is  incorporated  into  the 
procedure,  the  past  traffic  is  also  required.  The 
flow  of  the  program  is  as  follows: 

1.  Determine  the  horizontal  strain  in  the 
bottom  of  the  pavement  layer  and  the  vertical 
strain  at  the  top  of  the  subgrade  for  each  season 
using  ELSYM5. 

2.  Estimate  the  number  of  cycles  to  failure 
both  in  fatigue  and  permanent  deformation. 

3.  Check  the  number  of  cycles  to  failure 
against  the  total  traffic,  past  and  future,  to  deter¬ 
mine  if  thepredicted  life  is  less  that  the  anticipated 
traffic  loadings. 

4.  If  yes,  then  quit.  If  no,  add  1/2  inch  of 
pavement. 

5.  Go  to  step  1. 

The  procedure  proposed  for  Alaska  is 
similar  to  commonly  used  mechanistic  design 
techniques.  However,  MECHOD  greatly 
simplifies  the  process.  The  output  provides  a  dis¬ 


tribution  of  damage  through  the  seasons  allowing 
the  designer  to  determine  when  the  damage  is 
occurring. 

•Thickness  and  modulus  used  in  the  for¬ 
ward  calculation  of  the  deflection  basin. 

The  moduli  required  for  the  procedure  will 
come  primarily  from  backcalculated  moduli  using 
the  FWD  and  BOUSDEF.  The  department  will 
allow  the  use  of  other  backcalculation  procedures 
such  as  ELMOD3  or  ELSDEF. 

BACKCAI  .CULATION 

One  of  the  most  difficult  parts  of  any 
mechanistic  design  procedure  is  the  determina¬ 
tion  of  soil  moduli.  All  of  the  backcalculation 
procedures  require  accurate  determination  of  soil 
layer  thicknesses.  This  is  generally  not  difficult; 
however,  in  northern  climates  the  thickness  of  the 
thawed  layer  is  not  as  simple.  It  is  far  too  costly  to 
drill  at  each  location  to  determine  the  thaw  depth. 
Other  geophysical  methods  such  as  seismic  tech¬ 
niques  or  ground  penetrating  radar  are  currently 
not  sufficiently  developed.  Therefore,  some 
means  of  determination  of  the  depth  of  thaw  is 
required.  Consider  the  problem  shown  in  Figure 
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Fig.  7.  Typical  spring  soil  profile.  Fig.  8.  Example  problem  for  back  calculation. 


7.  The  asphalt  layer  thickness  and  modulus  can  he 
readily  estimated.  The  modulus  of  the  frozen 
layer  can  be  estimated  to  be  about  250  ksi.  How¬ 
ever,  the  thickness  and  modulus  of  the  thawed 
layer  is  usually  not  known.  Unfortuantely,  there  is 
no  known  closed  form  solution  to  this  problem. 
(Since  90%  of  the  pavement  damage  may  occur 
during  the  spring  thaw,  a  solution  to  this  problem 
is  imperative.) 

In  order  to  demonstrate  one  possible  solu¬ 
tion  procedure,  the  deflection  basin  for  Figure  8 
was  computed  using  ELSYM5.  BOUSDEF  was 
then  used  to  estimate  the  modulus  of  the  thawed 
base  course  as  a  function  of  thickness  as  sum¬ 
marized  in  Table  2.  Table  2  also  shows  the  effect 


of  the  error  in  thickness  and  modulus  on  the 
predicted  horizontal  strain  at  the  bottom  of  the 
pavement  layer  and  the  estimated  pavement 
fatigue  life  using  the  Asphalt  Institute  equation. 
These  errors  are  significant  and  demonstrate  the 
need  for  good  thickness  estimation. 

SUMMARY 

Non-destructive  testing  using  the  falling 
weight  deflectometer  has  become  an  integral  part 
of  the  Alaska  Department  of  Transportation  and 
Public  Facilities.  Deflection  data  is  used  to  estab¬ 
lish  load  restrictions,  design  overlays,  estimate 


Table  2: 

Summary  of  the  Test  Case 

Estimated 

Thickness 

Modulus 

Microstrain 

Fatigue 

Life 

%  Error  in 

Fatigue  Life 

10 

4,287 

612 

37,544 

11 

12 

5,094 

607 

38,572 

14 

14 

5,910 

597 

40,739 

21 

16 

6,732 

583 

44,048 

30 

18 

7,223 

577 

45,574 

35 

18* 

6,000 

632 

33,744 

~ 

20 

8,543 

547 

54,744 

61 

232 


remaining  life,  and  research.  Over  the  last  20 
years,  considerable  improvements  have  been 
made  in  the  application  and  understanding  of  the 
data  collected  by  NDT  devices.  New  techniques 
in  backcalculation  of  moduli  have  allowed  the 
determination  of  soil  response  based  upon  in-situ 
measurements  have  enhanced  the  knowledge  of 
seasonal  variation  of  soil  strength  and  pavement 
damage.  In-situ  measurements  also  allow  design 
procedn  1  C5  to  L/v  readily  Jacked  after  the  em¬ 
bankment  has  been  built. 

However,  there  are  still  several  problems. 
Current  backcalculation  procedures  are  still  very 
much  an  art.  The  users  of  the  available  computer 
programs  must  be  keenly  aware  of  the  expected 
range  of  moduli.  Because  there  is  no  unique  solu¬ 
tion  in  the  determination  of  moduli,  the  seed 
moduli  and  range  of  moduli  required  by  most 
backcalculation  programs  will  affect  the  final  solu¬ 
tion.  Therefore,  the  user  must  have  a  reasonable 
idea  of  what  the  moduli  are. 

In  northern  climates  the  thaw  depth  in  the 
spring  adds  another  variable  in  the  equation.  The 
estimation  of  the  thawed  layer  thickness,  as  has 
been  shown,  can  have  dramatic  effects  on  the 
predicted  moduli  and  the  estimated  pavement  life. 
Techniques  must  therefore  be  developed  to  es¬ 
timate  this  thickness. 

In  conclusion,  non-destructive  testing  has 
proven  to  be  a  most  valuable  tool  in  predicting 
pavement  performance  through  in-situ  testing. 
New  methods  such  as  seismic  and  ground  looking 
radar  offer  the  ability  to  improve  our  current 
capabilities  especially  in  the  determination  of 
layer  thicknesses.  There  has  been  considerable 
progress  in  the  past  20  years;  however,  much  is  to 
be  learned. 
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ABSTRACT 


Two  instrumented  airfield  taxiways,  static  plate  load  tests.  Finally  the 

one  flexible  and  the  other  rigid,  strains  were  measured  under  the  gear 

were  tested  non-destructively  using  loads  of  B- 737  aircraft.  In  the  case 

the  Dynatest  8000  Falling  Weight  of  the  rigid  pavement,  additional 

Def lectometer  ( FWD) .  The  FWD  drops  data  was  collected  under  Hercules 

were  made  at  locations  with  and  aircraft  of  the  Canadian  Ministry  of 

without  the  instruments.  The  In-  National  Defence  who  happened  to  be 

strumentation  consisted  of  flat  plate  using  the  strip  during  one  of  their 
piezo-electric  load  cells  In  the  manoeuvres  at  the  time  of  testing, 

flexible  pavement  whereas,  the  rigid  The  paper  presents  the  details  of  the 

pavement  was  instrumented  with  her-  pavement  structure,  subgrade  condi- 

metically  sealed  resistance  type  tions  and  material  properties  as  ob- 

strain  gauges  used  typically  In  ex-  tained  during  the  construction.  In- 

posed  concrete  structures.  The  gauges  strumentation  and  testing  programme 
for  the  flexible  pavement  were  placed  are  described.  The  analyses  consisted 
to  obtain  the  critical  strains  (and  of  backca leu lat ing  the  moduli  from 

hence  by  extension  the  stresses)  at  the  FWD  deflection  basin  and  cal- 

the  bottom  of  the  asphalt,  top  of  the  culating  the  strains  and  stresses  at 

subgrade,  at  some  locations  in  the  the  location  of  the  instruments, 

granular  layer  and  in  the  subgrade  These  are  compared  with  the  values 

1.0  m  below  the  pavement  structure.  measured  directly  from  the  instru- 

This  pavement  was  also  instrumented  ments.  The  results  are  also  compared 

with  piezometers  at  various  depths  to  with  those  obtained  from  static  plate 
obtain  an  idea  of  the  Influence  of  load  tests  and  from  the  passing  air- 

pore  water  pressure  on  the  stresses  craft  load.  The  advantages  and  dlsad- 

and  strains  in  the  pavement.  The  In-  vantages  of  FWD  testing  and  backcal- 

strumentation  for  the  rigid  pavement  culation  of  the  moduli  are  discussed, 

consisted  of  embedding  the  strain  The  validity  of  the  FWD  loads  to  rep- 

gauges  at  different  depths  of  the  resent  aircraft  gear  load  is  dis- 

slab.  No  Instruments  were  placed  in  cussed.  It  Is  suggested  that  FWD 
the  granular  base  or  in  the  subgrade.  alone  may  not  be  the  ideal  method  to 
In  addition'  to  FWD  testing,  the  pave-  evaluate  airfield  pavements, 
ments  were  tested  by  repetitive 
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Introduction 


Deflection  testing  has  been 
long  recognized  as  a  means  of  as¬ 
sessing  the  structural  capacity  of 
pavements.  The  concept  and  equip¬ 
ment  were  first  introduced  by 
Benkelman  and  was  later  used  in 
the  AASHO  Road  Tests  in  the  early 
sixties.  In  the  last  fifteen  years 

U  .  .  |..  .  -  L.  I  * 

w  ;  •  r1  k/ccii  d  l i  cmciij  juo  tin " 

provement  in  the  deflection 
measui ing  equipment  with  sensitive 
accelerometer's  and  automatic  data 
loggers  and  dat-3  processors.  These 
machines  are  sophisticated,  accu¬ 
rate,  have  a  high  degree  of  re¬ 
peatability  and  can  simulate  the 
actual  traffic  loads.  They  can 
collect  a  vast  amount  of  data  in  a 
short  time.  Unlike  the  Benkelman 
Beam,  the  Shell  vibrator  or  the 
plate  load  tests,  which  could 
measure  deflections  at  only  one 
point,  these  modern  deflection 
measur  ing  equipment  can  measure 
deflections  at  different  poii,„o 
and  thus  define  the  entire  deflec¬ 
tion  basin.  An  excellent  review  of 
these  machines,  their  capabilities 
and  limitations  can  be  found  in 
the  1 iterature  [  1-4] . 

While  we  possess  the  capa¬ 
bility  of  measuring  the  pavement 
response  to  a  given  loading  condi¬ 
tion  fairly  accurately,  the  Inter¬ 
pretation  of  the  measurements  has 
remained  a  thorny  problem.  This 
was  evident  in  the  papers  pre¬ 
sented  at  the  Third  International 
Conference  on  the  Design  of  Con¬ 
crete  Pavements  at  Purdue  Univer¬ 
sity  In  1985  [5,6],  at  the  Sixth 
International  Conference  on  Struc¬ 
tural  Design  of  Asphalt  Pavements 
in  Ann  Arbor  In  1987  and  again  at 
the  ASTM  symposium  In  Baltimore  In 
1988. 

The  single  most  important 
result  to  be  derived  from  def¬ 
lection  testing  Is  a  measure  of 
stiffness  of  the  pavement  layers. 
This  measure  of  stiffness  has  been 
variously  called  "elasticity 
modulus",  "deformation  modulus", 
"resilient  modulus"  or  "stiffness 
modu I  us" . 


In  this  paper  this  Is  simply 
referred  to  as  modulus.  The  most 
common  analysis  of  the  deflection 
data  consists  of  an  iterative 
process  of  matching  the  observed 
deflection  basin  to  a  theoreti¬ 
cally  calculated  basin  using  the 
layered  elastic  theory. The  itera¬ 
tion  is,  generally,  started  by  as¬ 
suming  certain  seed  values  of 
moduli  for  the  component  layers. 
Generally,  a  variance  of  three  to 
five  percent  between  the  theoreti¬ 
cal  and  observed  deflection  basins 
is  considered  to  be  an  acceptable 
match.  Various  computer  algorithms 
for  the  solution  of  the  layered 
elastic  ti.crrv  3  available. 

The  problem  with  this  approach 
is  that  the  solution  obiain°d  In 
this  manner  is  not  unique.  As  Is 
well  known  from  the  theory  of  Bur- 
mister  [7]  and  subsequent  exten¬ 
sions  by  Acum  and  Fox  [8]  and 
Jones  [9],  it  is  the  modular  ratio 
of  the  component  layers  that 
determines  the  surface  deflec¬ 
tions.  Therefore,  a  large  number 
of  combinations  of  moduli  can  lead 
to  the  same  deflection  basin.  Thus 
it  is  necessary  to  temper  the 
results  of  backcalculation  ana¬ 
lyses  with  engineering  judgement 
and  other  Independent  means  of 
measuring  the  moduli  of  the  pave¬ 
ment  materials.  Such  Independent 
measurement  has  been,  tradi¬ 
tionally,  laboratory  trlaxlal 
tests  under  repeated  loading  con¬ 
ditions.  Recent  attempts  by  Briaud 
et  al  [10,11]  and  a  study  being 
conducted  by  the  author  may  pro¬ 
vide  alternate  means  of  measuring 
the  modul 1 . 

The  measurement  or  derivation 
of  a  modulus  value  per  se  is  not 
the  ultimate  objective  of  pavement 
design  or  evaluation  process. 
Pavement  design  and  evaluation  are 
based  on  certain  critical  stresses 
or  strains  within  the  pavement 
structure.  Thus,  there  is  a  need 
to  understand  whether  backcal- 
culated  moduli  can  be  used  with 
confidence  to  compute  these 


235 


c  A  N  A  0  A 

I 

!  THOMPSON 


I  Manitoba  j 

I  I 


.  -  1.  Geographical  location  of  the  sites 


TABLE  -1.  Climatic  Data  on  the  Test  Sites 


THOMPSON 

BRANDON 

TEMPERATURES:  (  ’C) 

MAXIMUM 

31.4 

35.0 

MINIMUM 

-46.6 

-38. 1 

MEAN 

-4.0 

1.5 

PRECIPITATION:  (cm) 

RAINFALL 

35.7 

33.9 

SNOWFALL 

252.0 

116.9 

FREEZING  INDEX  (  DAYS  C) 

2963 

2017 

THAWING  INDEX  (  DAYS  C ) 

1641 

2619 

NOTE:  DATA  IS  35  YEAR  AVERAGE 
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Instrumental  ion 


stresses  and  strains.  This  can  be 
done  only  by  actually  measuring 
the  displacement  and  strains 
within  the  pavement  structure  and 
comparing  these  with  those  derived 
by  backca I cu I  at  ion . 

This  paper  describes  such  an 
attempt  where  two  airfield 
taxiways,  one  flexible  and  the 
other  rigid,  have  been  instru¬ 
mented  with  displacement  gages  or 
strain  gages  ana  tested  under  dif¬ 
ferent  loading  conditions.  The 
loading  devices  used  were  the 
Dynatest  8000  falling  weight 
def 1 ectometer  (FWO),  static  plate 
load  and  actual  aircraft  loads. 

Test  Sites 

T tie  pavements  are  two  short 
taxiways  approximately  200  to  250 
m  long  in  the  regional  airports  of 
Thompson  and  Brandon,  both  in  the 
province  of  Manitoba,  Canada.  Fig. 

1  shows  the  geographic  location  of 
these  two  sites.  Table  1  shows 
some  pertinent  environmental  con¬ 
ditions  at  the  two  sites.  Fig.  2 
shows  the  typical  geotechnical  and 
subgrade  conditions.  The  airports 
are  served  by  B- 737  jet  aircraft 
and  are  also  being  used  by  several 
other  smaller  types  of  aircraft 
mainly  for  charter  arid  flight 
training  services.  These  two  air¬ 
ports  were  chosen  For  tills  study 
because,  the  two  taxiways  in  ques¬ 
tion  were  totally  reconstructed 
from  subgrade  up.  This  made  it 
easy  to  install  the  instruments 
without  great  problems.  Also  it 
was  possible  to  have  a  fairly  good 
idea  of  the  properties  of  the 
materials  that  went  into  their 
construction.  Figs.  3  and  -1  show 
the  locations  of  the  test  sites  at 
Thompson  and  Brandon  airports 
respectively.  Taxi  A  at  Thompson 
is  a  flexible  pavement  while  Taxi 
B  at  Brandon  is  a  rigid  pavement. 
Figs.  5  and  6  show  the  typical 
cross  sections  as  well  as  the 
locations  of  the  instruments. 

Tables  2  and  3  show  the  elevations 
of  the  instruments  at  the  diffe¬ 
rent  locations  at  the  two  sites. 


a)  Thompson 

Because  the  pavement  at 
Thompson  is  of  the  flexible  type, 
tiie  primary  instrumentation 
consisted  of  230  mm  diameter'  flat 
plate  diaphragm  type  piezoelec¬ 
tric  load  cells  (Figs.  7  and  8). 
The  cells  were  supplied  by  RST 
Instruments  Ltd.  of  Vancouver, 

B.C,  Canada.  Table  A- 1  in  Appendix 
A  shows  the  specification  of  these 
cells.  The  cells  were  laid  flat  on 
a  firm  bedding  of  sand.  The  trans¬ 
ducers  were  integral  parts  of  t fie 
load  cells  and  were  connected  to 
the  cells  by  a  600  mm  long  stain¬ 
less  steel  tube.  The  cells  were 
delivered  with  12  m  long  color 
coded  lead  cables  sheathed  in  in¬ 
sulated,  grounded  and  grease 
filled  outer-  metallic  jacket.  Each 
unit  came  with  a  zero  voltage 
calibrated  in  the  factor'/.  The 
zero  voltage  and  the  calibrations 
wei e  checked  on  receipt  at  the 
site.  At  each  subsequent  stage  of 
handling  and  installation  of  t lie 
gages  the  zero  readings  were 
checked  with  a  hand-held  volt¬ 
meter.  The  working  condition  of 
the  gages  after  they  were  buried 
in  the  ground  was  checked  occas¬ 
sional  ly  by  running  the  construc¬ 
tion  equipment  at  their'  locations 
and  noting  the  responses  of  the 
cells.  The  instruments  were  repli¬ 
cated  in  sufficient  numbers  to 
allow  for  any  possible  malfunc¬ 
tioning  of  the  gages  during  the 
test  period. 

A  brief  description  of  the  load 
cells  That  were  placed  at  the  bot¬ 
tom  of  the  asphalt  layer'  is  appro¬ 
priate  here.  These  gages  were  sup¬ 
plied  with  a  second  10  m  long  her¬ 
metically  sealed  stainless  steel 
tube  filled  with  oil  and  flushed 
of  all  air.  These  are  the  repres¬ 
surizing  tubes.  As  the  hot  asphalt 
cooled  and  hardened,  the  initial 
contact  between  the  cell  face  and 
the  mat  would  be  lest.  The  contact 
was  reestablished  by  crimping  the 
repressur  i z i ng  tubes  from  the  end 
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FIG.-  2.  TYPICAL  SUBGRADE  CONDITIONS  AT  THE  TEST  SITES 


site  at  Brandon 


’IG.-  5.  Arrangement  of  load  cells  In  the  pavement  at  Thompson 


10.-  6 


Arrangement  of  strain  gages  in  the  pavement  at  Brandon 


Locations  and  Elevations  of  Load  Cells 


LEGEND :  EX.  A-NC-TP  MEANS  GAGE  LOCATION  "A" 
NORMAL  CONCRETE,  TOP  ROW  PARALLEL  TO 
TRAFFIC 
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till  the  load  cell  responds.  These 
cells  were  rezeroed  at  this  volt¬ 
age. 

At  each  instrument  location 
four  load  cells  were  installed  as 
noted  below: 

1)  at  the  interface  of  the  as¬ 
phaltic  concrete  and  granular 
base . 

2)  at  the  interface  of  the 
granular  base  and  granular 
subbase . 

3;  at  the  interface  of  subbase 
and  the  subgrade. 

4)  at  some  depth  in  the  sub¬ 
grade,  generally  between  600  and 
1000  rnm. 

Table  2  shows  the  elevations  of 
the  cells  at  the  different  loca¬ 
tions. 

In  addition,  Casagr ande  type 
piezometers  with  piezoelectric 
sensors  were  also  installed  near 
the  locations  of  the  load  cells. 
The  purpose  of  these  piezometers 
was  to  measure  any  possible  pore 
pressure  bui Id-up  in  the  pavement 
layers  as  well  as  in  the  subgrade 
either  due  to  loading,  or  due  to 
fluctuations  in  ground  water 
level.  The  piezometer's  were  in¬ 
stalled  in  tire  middle  of  the  base 
layer,  in  the  middle  of  the  sub¬ 
base  layer  and  at  2.5  m,  5.0  m  and 
at  10  m  depths  below  the  pavement 
surface.  As  it  turned  out  no 
recordable  change  in  pore  pressure 
was  noticed  in  any  of  the  piezo¬ 
meters  either  under  loaded  or 
under-  unloaded  conditions.  It  was 
concluded  that  pore  pressures  do 
not  play  any  role  in  the  response 
of  the  pavement  at  this  site. 

b )  Brandon 

Taxi  B  at  Brandon  is  a  rigid 
Portland  cement  concrete  (pec) 
pavement  with  a  lean  concrete  base 
placed  on  compacted  crushed 
granular  base.  Because  of  the  dif¬ 
ferent  type  of  pavemenu  involved, 
the  instrumentation  was  also  of 
differ  ent  type. 

The  u  iges  wer  e  AILIfr'H  f  ivpij 
wire  embeddable,  integral  lead 
strain  gages  manufactured  by  Eaton 


Corporation  and  distributed  by 
Inter  technology  Ltd.  in  Toronto, 
Canada.  The  strain  elements  are 
hermetically  sealed  in  weather¬ 
proof  jackets  and  attached  at  the 
ends  to  two  anchor  plates  (Fig. 9). 
They  were  delivered  with  33  m  of 
color  coded  cables  protected  in 
insulated,  grease  filled  and 
grounded  sheath.  The  gages  were 
150  mm  long  with  a  nominal  resis¬ 
tance  of  350  ohms ,  capable  of 
linear  res i stance- vo 1 taye  rela¬ 
tionship  between  -40  °  C  and  +80  ° 
C,  and  were  temperature  compen¬ 
sated.  Table  A-2  in  Appendix  A 
gives  the  specifications  for-  ttiese 
gages.  Each  gage  was  delivered 
with  a  factory  calibration  chart 
which  was  checked  before  accep¬ 
tance  on  site.  As  in  Thompson,  the 
integrity  of  the  gages  and  the 
lead  wires  was  constantly  checked 
after  each  stage  of  handling  and 
i nsta I  I  at i on . 

Gages  were  installed  in  the 
centre  of  the  slab,  in  pairs 
across  the  joints  and  at  different 
levels  in  the  normal  pcc  as  well 
as  in  the  lean  concrete  base.  In 
tire  case  of  centre  slab  locations 
three  layers  of  gages  in  pcc  and 
three  layers  in  the  lean  concrete 
were  placed.  Each  layer  had  gages 
irr  two  mutually  perpendicular 
directions,  parallel  and  trans¬ 
verse  to  traffic  flow,  to  measure 
the  strains  due  to  tire  bidirec¬ 
tional  berrdirrg  of  the  slab.  At 
joint  locations,  because  of  essen¬ 
tially  unidirectional  bending, 
only  transverse  gages  were 
placed.  Also,  there  were  only  two 
layers  of  gages  in  the  pcc  as  well 
as  in  the  learr  concrete  layer. 

Fig.  10  shows  the  strain  gage  as¬ 
sembly  prior  to  being  buried  in 
the  concrete. 

Tire  assembly  was  anchored  in 
place  by  long  reinforcing  steel 
bars  driven  into  the  base.  It  was 
encased  Irr  the  fresh  concrete 
about  five  to  ten  minutes  before 
the  paver  reached  tl'r>  1  --at  ion 
(Fig.  11).  This  en?,|r<‘:!  that  the 
encapsulating  r  onr:  pi  ■■  wac-  ct.  i  1  1 
wot  arid  piastre  ano  IT  wiien  the 
paver-  passed  tire  km  at  i  •  the 


243 


FIG.-  11-  -  Concrete  encapsulation  of  strain  gages 

just  prior  to  burial  in  concrete 


gages  were  burled  In  a  homogeneous 
medlu  Care  was  taken  during  the 
placing  of  concrete  so  that  the 
qages  were  not  dislocated  or 
damaged.  As  mentioned  earlier,  the 
integrity  of  the  gages  wase 
checked  at  each  stage;  during 
paving,  after  paving  and  after  1, 
3,  7  and  14  days  of  curing. 

Data  logging  equipment 

Contrary  to  our  expectations, 
considerable  difficulty  was 
experienced  in  the  acquisition  of 
the  data  logging  equipment.  The 
difficulty  appeared  to  be  in  ob¬ 
taining  the  required  scanning 
rate,  the  number  of  gages  to  be 
read  at  one  time  and  tire  desired 
accuracy  of  the  readings.  Finally, 
a  data  acquisition  unit  was 
designed  and  assembled  In-house 
which  would  read  16  gages  at  50 
readings  per  second  per  gage  to  an 
accuracy  of  one  microvolt  under  an 
excitation  voltage  of  5  V  and  with 
a  full  Wheatstone  bridge.  The  en¬ 
tire  opeartion  can  be  controlled 
by  a  microcomputer'  carried  in  an 
equipment  van  (Fig.  12). 


Test  Procedures 

The  basic  test  procedures  were 
common  to  both  sites.  Some  add- 
tional  tests  were  carried  out  at 
Brandon  to  measure  the  load  trans¬ 
fer  efficiency  of  the  joints  and 
Isotropy  in  the  rigid  pcc  pave¬ 
ments.  Essentially,  the  tests  can 
be  categorized  as  : 

a)  static  load  tests  using  a 
rigid  600  mm  diameter  steel  plate 
and  sufficiently  heavy  reaction. 

b)  dynamic  or  impulse  loading 
using  the  Dynatest  model  8000  FWD. 

c)  actual  aircraft  load  which 
was  the  B-737 -200  series  aircraft 
operating  in  and  out  of  the  two 
airports  on  a  commercial  scheduled 
basis. 

In  Brandon,  further  opportunity 
presented  itself  when  Hercules 
C-130  military  aircraft  used  the 
airstrip  for  brief  periods  of 
time.  In  addition  to  tests  at  the 
gage  locations,  loads  were  dropped 
at  several  points  around  the  gage 
locations  at  pre-determi ned  dis¬ 
tances  and  the  response  of  the 
gages  was  measured.  These  are 


12.  -  Readout  unit 
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FIG.  13.  THOMPSON  TAXI  A:  LAYOUT  OF  SATELLITE  TESTS 


referred  to  as  satellite  tests 
(Fig. 13).  The  purpose  of  the  sate¬ 
llite  tests  was  to  determine  the 
wander  effect  of  the  aircraft  as 
well  as  to  determine  the  zone  of 
influence  of  a  gi.e,,-  lo?'4. 

While  a  wide  variety  of  tests 
was  done  at  both  the  airports,  not 
all  the  results  are  relevant  to 
the  present  paper.  Therefore,  only 
a  limited  amount  of  data  Is  pre¬ 
sented  here  with  a  view  to  compare 
the  calculated  moduli  values, 
stresses  and  strains  in  the  pave¬ 
ments  under  the  three  different 
loading  conditions  mentioned 
above. 

Method  of  Analysis 
a)  Thompson 

For  the  flexible  pavement  at 
Thompson,  the  direct  output  from 
the  tests  are  the  deflection  basin 
from  the  FWD  tests  and  the  maximum 
deflection  under  the  load  during 
the  plate  load  tests.  In  addition, 


the  responses  of  the  load  cells 
were  measured  under  the  FWD  tests, 
the  static  plate  load  tests  and 
under  the  passing  aircraft. 

The  FWD  data  was  analysed  by 
the  layered  elastic  theory  using 
the  ElMOD  and  ISSEM  4  computer 
programs  developed  by  the  Dynatest 
Inc.  These  programs  lead  to  values 
of  layer  moduli  as  well  as 
stresses  In  the  layers.  The  calcu¬ 
lated  values  of  stresses  are  com¬ 
pared  with  the  values  measured  by 
the  load  cells.  The  plate  load 
test  data  was  analysed  using  the 
Tables  and  charts  published  by 
Peattie  [12]  using  the  modular 
ratios  derived  from  the  ELMOD  ana¬ 
lysis  The  aircraft  loads  were  ana¬ 
lysed  in  a  similar  manner. 

All  computations  for  the  FWD 
and  plate  load  tests  were  done  for 
normalised  contact  pressures  of 
500,  750,  1200  and  1500  kPa.  For 
the  aircraft  loads  the  results 
were  normalised  for'  the  rated  tire 
pressure  of  1240  kPa.  The  results 
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of  these  computations  are  shown  in 
Table  4  through  6. 


b)  Brandon 

The  analysis  of  the  rigid  pave¬ 
ment  at  Brandon  was  somewhat  com¬ 
plicated  by  the  tact  that  the 
pavement  was  a  composite  construc¬ 
tion  consisting  of  normal  pcc  and 
a  lean  concrete  base. 

T he  FWD  results  were  analysed 
using  the  ISSEM  4  program  modell¬ 
ing  the  pavement  as  a  three  layer 
system.  Tire  top  pcc  formed  the 
first  layer,  t fie  lean  concrete  the 
second  and  the  base-subgrade  com¬ 
bination  as  a  composite  third 
layer.  Tills  analysis  led  to  un¬ 
reasonable  values  for  the  moduli 
for  each  layer  as  well  as  to 
stresses  at  the  interface  of  each 
layer.  Thp  stresses  and  strains 
due  to  all  loading  conditions  (the 
static  plate  load,  the  aircraft 
gear  loads  and  the  FWD)  were  com¬ 
puted  using  the  nomographic  method 
[13]  for  Westergaard ’ s  solution  to 
this  problem.  The  modulus  of  sub- 
grade  reaction  for  this  site  was 
obtained  from  the  records  of  load 
tests  carried  out  by  the  Canadian 
Ministry  of  Transport  (MOT).  The 
elasticity  moduli  for-  the  normal 
pcc  and  for  the  lean  concrete  were 
obtaind  from  compresive  strength 
tests  and  us'ng  tKn  guidelines 
given  by  the  Canadian  Standrds 
Association  (CSA-CAN3-A23 . 1 )  and 
the  American  Concrete  Institute 
(ACI-3 18-8  t ) .  Tire  computed 
stresses  are  compared  with  the 
measured  stresses.  The  results  are 
shown  in  Table  7  through  10. 

Results  and  Discussion 

a)  Thompson 

Tables  4  to  6  summarise  the 
results  of  tests  in  July  1986  and 
in  Septemeber  1987.  Figs.  14  shows 
the  same  results  in  tire  graphical 
form.  In  interprett Ing  these 
results,  one  has  to  first  estab¬ 
lish  the  validity  and  the  credi¬ 
bility  of  the  observed  value''-. 

There  are  no  direct  ways  to  do 
this.  However,  as  mentioned  ear¬ 


lier,  considerable  care  was  taten 
in  the  installation  of  these  gages 
and  in  ensuring  that  they  were 
working  "roper ly  throughout  the 
various  stages  of  construction  of 
the  taxiways.  The  measurements 
over  the  past  three  years  show  a 
consistent  trend.  Except  for  the 
test  series  with  the  Dynatest  8081 
Heavy  Weight  Def lectometer  (HWD) 
in  1987,  the  stress  distribution 
shows  the  classical  pattern.  The 
1987  test  series  is  discussed 
later.  The  differences  between  the 
summer  tests  (July  1986)  and  the 
fall  tests  (Sept.  1987)  are  unmis¬ 
takable.  Thus  it  -is  submitted  that 
the  gage  readings  are  credible. 

The  differences  between  the  ob¬ 
served  stresses  and  those  calcu¬ 
lated  using  classical  theories  or 
the  backca 1 cu 1 ated  moduli  values 
are  real  and  need  to  be  explained. 

While  the  pattern  of  gage 
readings  is  what  one  would  expect 
from  classical  layered  theories 
for  pavement  structures,  there  are 
differences  whicn  are  disturbing. 
Fig.  14  compares  the  actual 
stresses  measured  under  aircraft 
loads  to  those  measured  during 
plate  load  tests  as  well  as  the 
FWD  tests.  It  would  appear-  that 
the  FWD  tests  would  simulate  the 
streses  due  to  the  aircraft  in  the 
lower  layer's  (granular  bases  and 
the  subgrade)  reasonably  well.  It 
should  be  mentioned  here,  however, 
that  the  aircraft  seldom  passed 
directly  over  the  gage  locations 
whereas,  the  other  tests  were  done 
precisely  at  the  gage  points. 
Despite  this  limitation,  the  cor¬ 
relation  between  the  stresses  in 
the  lower  layers  is  acceptable.  It 
can  be  concluded  that  the  wander 
effect  of  the  aircraft  does  not 
materially  affect  the  stresses  in 
the  lower  layers.  On  the  other 
hand,  both  the  plate  load  and  the 
FWD  tests  tend  to  underestimate 
the  stresses  in  the  surface  layer 
Therefore,  if  one  would  use  the 
asphalt  strain  criterion  for  the 
design  and  evaluation  of  a  pave¬ 
ment,  one  would  be  erring  on  the 
unsafe  side.  It  should  be  men¬ 
tioned  here  that  the  plate  load 
tests  tend  to  underestimate  the 


TABLE  4:  THOMPSON:  TAX'  A:  SUMMARY  OF  MODULI  FROM  ELMOD  ANALYSIS. 


213.16^  SUEGRADE 


TABLE:  5  TS01PS08:  Till  A:  SCUART  OP  ELASTIC  LATER  AIALYSES  AFTER  FEATTIE 


213.163  SOESRADE  127  127  IIPI8ITE 


TABLE  6:  THOMPSON,  TAXI -A:  SUMMARY  OF  STRESSES  AT  LOCATION 
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TABLE. 8  :  BRANDON:  TAXI-B:  MEASURED  AND  THEORETICAL  STRESSES  UNDER  PLATE  LOADS 
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TABLE. 9  :  BRANDON:  TAXI-B:  MEASURED  AND  THEORETICAL  STRESSES  UNDER  FWD  LOADS 
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While  the  stresses  measured 
In  the  field  by  plate  load  and 
the  FWD  tests  show  reasonable 
correlation,  at  least  for  the 
lower  layers,  the  same  cannot 
be  said  for  the  stresses  com¬ 
puted  using  the  backca I cu  1  ated 
moduli.  Table  5  shows  the 
results  of  theoretical  calcula¬ 
tions  using  layered  elastic 
theories.  First  the  stresses 
were  calculated  using  Peattle's 
charts  [12],  In  order  to  calcu¬ 
late  the  different  stiffness 
ratios  and  other  parameters 
needed  In  Peattle's  calcula¬ 
tions  the  moduli  values  were 
obtained  from  the  ElMOD  ana¬ 
lysis  of  the  FWD  def  lect Ions. - 
ELITOD  Is  the  software  program 
developed  by  Dynatest  Inc.  to 
analyse  the  field  FWD  data. 
Secondly  the  moduli  and  the 
stresses  were  also  calculated 
using  the  ISSEM  4  layered  elas¬ 
tic. program  also  developed  by 
Dynatest  Inc..  The  ISSEM  4  uses 
ELSYM  5  as  a  subroutine  In  cal¬ 
culating  stresses  and  strains. 
Table  6  presents  the  measured 
stresses.  As  can  be  seen  from 
Tables  5  and  6  the  correlation 
between  observed  and  measured 
stresses  Is  not  as  satisfactory 
'as  with  actually  measured 
values  under  different  loading 
conditions.  This  can  lead  to 
only  one  conclusion.  While  the 
test  methods  are  reliable,  the 
Interpretation  and  the  computa¬ 
tion  of.  moduli  or  stresses  need 
more  work  and  refinement. 

b)  Brandon 

Taxi  B  at  Brandon  Is  a  compo¬ 
site  rigid  pavement  with  a  200 
mm  surface  course  of  normal 
Portland  cement  concrete 
(p.c.cj  and  300  mm  lean  con¬ 
crete  base.  During  construc¬ 
tion  particular  attention  was 
paid  to  achieve  a  good  bond 
between  the  two  layers.  One 
study  (15)  showed  that  the 
degree  of  composite  action 
between  the  two  layers  could  be 
as  high  as  90  %  for  upto  twice 
the  service  load.  The  analysis 


of  this  pavement  Is  somewhat  more 
complicated  than  the  layered  elas¬ 
tic  flexible  system  at  Thompson  on 
two  grounds: 

a)  One  Is  never  sure  of  the 
degree  of  bond 

b)  There  Is,  as  yet,  no  reli¬ 
able  method  of  analysis  for  such 
pavements . 

In  this  study  two  approaches 
were  used.  The  first  was  to  use 
the  classical  Westergaard  solution 
to  the  problem  using  a  transformed 
section.  The  second  method  was  to 
use  the  charts  and  tables  publi¬ 
shed  by  Packard  (16)  for  such 
structures.  The  author  Is  grateful 
to  Packard  for  extending  his 
tables  to  Include  the  cross  sec¬ 
tion  at  Brandon  [ 17 ) . 

Table  7  Is  the  summary  of 
stresses  observed  during  the 
static  plate  load,  the  FWD  tests 
and  under  the  aircraft  gear  loads. 
It  will  be  noticed  that  the  gage 
readings  under  aircraft  loads  are 
Incomplete.  This  was  due  to  the 
difficulties  experienced  with  the 
dataloggers  as  explained  pre¬ 
viously.  Only  the  results  for  the 
centre  slab  locations  (0  and  E) 
are  presented  here.  It  can  be 
seen  that,  In  general,  the  tests 
do  not  correlate  very  well  with 
those  produced  by  the  aircraft  un 
like  In  the  case  of  Thompson. 

In  Brandon  only  the  model  8000 
FWD  was  used.  It  could  be  that 
this  machine  was  too  light  to 
simulate  actual  aircraft  loads  on 
a  rigid  pavement.  Arguments  for 
and  against  such  perceptions  can 
be  found  In  the  literature  [5,6). 
However,  of  the  two  test  methods, 
the  FWD  does  seem  to  simulate  the 
B- 737-200  aircraft  better  than 
the  static  plate  load  test.  Other 
observations  from  Table  7  Include: 

a)  Under  all  three  types  of 
loading  (static,  FWD  and  the 
aircraft)  the  bottom  lean  concrete 
appears  to  respond  more  Isotropi¬ 
cal  >y  than  the  top  normal  con¬ 
crete.  Mo  explanation  Is  offerred 
for  this  behaviour.  However,  It  Is 
suggested  that  the  methods  of  ana¬ 
lysis  for  such  structures  should 
consider  this  factor. 

b)  As  to  be  expected,  static 
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stresses  even  In  the  lower  layers. 
Before  proceeding  to  compare  the 
computed  stresses  to  the  measured 
stresses,  the  trend  shown  by  the 
198?  HWO  test  series  needs  to  be 
explained.  During  the  analysis  of 
the  1985  and  1986  FWD  test 
results,  It  was  suggested  that  the 
FWD  could  not  apply  loads  heavy 
enough  to  produce  meaningful 
results  for  a  pavement  with  a  coil' 
structlon  as  substantial  as  that 
under  Taxi  A  In  Thompson.  While  It 
Is  clear  from  Fig.  14  that  this 
Is  not  quite  true,  It  was  decided 
to  use  the  heavier  version  of  the 
Dynatest  FWD,  the  HWU,  for  the 
1987  test  series.  Will  le  the 
stresses  In  the  subbase  and  the 
subgrade  were  not  significantly 
affected  by  the  heavier  machine 
the  trend  In  the  base  and  In  the 
asphalt  layers  was  quite  different 
from  the  ones  observed  In  the  pre¬ 
vious  years.  Except  for  curve  7  In 
Fig.  14  (b),  which  Is  considered 
to  be  an  anamoly  and  not  the  true 
reading,  the  trend  showed  that  the 
asphalt  stresses  were  much  smaller 
than  the  stresses  In  the  base.  The 
HWD  used  a  450  min  diameter  plate 
rather  than  the  standard  300  mm 
plate  for  the  FWD.  Tills  was  twice 
the  diameter  of  the  load  cell  at 
the  bottom  of  the  asphalt  layer. 

It  Is  well  known  that  the  contact 
pressure  under  a  rigid  base  would 
not  be  uniform,  rather  has  the 
shape  of  an  Inver  ted  saddle  with 
high  edge  stresses  and  relatively 
low  stresses  In  the  middle  as 
shown  In  Fig.  15  I  1 4  J .  Thus  the 
asphalt  gage  at  the  shallow  depth 
of  only  100  mm  below  the  surface 
Is  subjected  to  a  lower  direct 
vertical  pressure  In  addition  to 
high  confining  pressure  from  high 
edge  stresses  resulting  In  a  lower 
stress  at  that  point.  At  the  loca¬ 
tion  of  the  second  gage  In  the 
base,  this  effect  of  the  contact 
pressure  Is  not  felt.  It  should  be 
noticed  that  the  same  trend  Is  not 
noticed  under  the  static  plate 
load  tests  which  used  even  larger 
plate  with  600  mm  diameter.  It  Is 
suggested  that  with  larger  plates, 
the  effect  of  confining  edge 
stresses  is  fat  removed  from  the 


2nd 
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Fig.  15.  Contact  Pressure 
Under  Circular  Footings  of 
Different  Rigidities. 

( after  Terzagh l  [ 1 4 J ) . 

Kr  =  Rigidity  Factor 
q  =  uniform  pressure 
=  Load/Area 


load  cells.  Also,  the  gages  were 
read  when  the  deflections  under 
the  static  load  have  come  to  a 
steady  state.  Thus  the  asphalt 
would  creep  and  comply  with  the 
plate  resulting  In  a  more  uniform 
stress  distribution.  Hence  tire 
same  effect  Is  not  felt  during  the 
static  plate  load  tests.  Unfor¬ 
tunately,  tills  hypothesis  could 
not  be  verified  by  repeating  tire 
tests  In  198?.  If  this  hypothesis 
were  to  be  true,  then  It  leads  one 
to  tire  conclusion  that  one  should 
be  careful  In  Inter prett lug  the 
results  from  FWl)  tests.  Also  lit 
planning  Instrumentation  In  the 
pavement  layers,  one  should  con¬ 
sider  the  relationship  between  the 
plate  size  and  the  thickness  of 
the  surface  layer.  Otherwise  the 
results  could  be  Interpretted 
wrong  1  y . 


loads  produce  much  higher  stresses 
than  Impulse  loads.  While  this  Is 
clear  from  the  results  of  the 
plate  load  tests  It  was  also 
verified  (though  by  pure  chance) 
for  aircraft  loads  as  Is  seen  for 
aircraft  4  In  Table  7.  This  air¬ 
craft,  for  some  unknown  reason, 
happened  to  stop  precisely  at  the 
gage  location  giving  rise  to  the 
very  high  stresses.  The  other  high 
reading,  under  aircraft  7,  at 
the  bottom  of  the  lean  concrete  Is 
considered  to  be  a  test  error 
rather  than  a  true  reading. 

c)  The  stresses  produced  by  FWD 
loading  Is  closer  to  those 
produced  by  the  B-737-200  aircraft 
than  the  ones  observed  under  the 
Hercules  C-130  aircraft.  The 
reason  for  this  Is  suspected  to  be 
the  difference  In  the  gear  ar¬ 
rangement  for  these  two  aircraft. 
B-737  has  a  dual  wheel  while  the 
Hercules  has  a  single  tandem 
arrangement.  Fig. 16  reproduces 
part  of  the  strip  chart  output 
from  the  HP-87  field  computer  used 
to  collect  the  field  data.  One  can 
see  the  dual  peaks  of  the  Hercules 
gear  as  against  the  single  pro¬ 
nounced  peak  for  the  B-737.  it  Is 
suggested  that  the  recorded  res¬ 
ponse  under  the  Hercules  Is  the 
superposition  of  two  wheel  loads 
In  quick  succession  while  the 
B-737  wheels  load  the  gages  simul¬ 
taneously  In  the  form  of  an  equiv¬ 
alent  single  wheel  load.  No  veri¬ 
fication  Is  offerred  for  this 
hypothesis  at  this  time.  If  this 
were  true,  then  one  has  to  ques¬ 
tion  seriously  whether  the  single 
plate  loading  by  the  FWD  can  truly 
simulate  the  tandem  and  dual  tan 
dem  gear  configurations  of  some  of 
the  heavier  aircraft  and  multiple 
axle  loads  of  some  of  the  trucks 
using  our  provincial  and  State 
Highways. 

Tables  8  through  10  compare  the 
stresses  derived  from  the  analyti¬ 
cal  methods,  referred  to  earlier, 
with  the  observed  stresses.  Fig. 

17  shows  the  same  results  In  terms 
of  the  ratios  of  theoretical  to 
observed  stresses.  In  addition  to 
these  methods  It  was  attempted  to 
compute  these  stresses  using  the 


ELMOD  and  the  ISSEM  4  software 
without  much  success.  It  should  be 
recognized  that  these  programs  are 
meant  for  flexible  pavements. 
Dynatest’s  EICON  program  Is  not 
available  to  the  author.  Another 
program  RPEDD  1,  developed  by  the 
Texas  Transportation  Institute, 
was  not  available  to  the  author  at 
the  time  of  this  writing.  These 
two  latter  programs  are  said  to  be 
specifically  meant  for  the  ana¬ 
lysis  of  rigid  pavements. 

As  can  be  seen  from  Tables  8 
through  10  and  from  Fig.  17  the 
correlation  between  computed 
stresses  and  observed  stresses  Is 
even  less  satisfactory  than  the 
actual  measured  values  wou'd  Indi¬ 
cate.  It  would  therefore  appear 
that  there  are  some  legitimate 
concerns  In  using  the  backcalcu- 
lated  moduli  to  compute  the 
stresses  In  rigid  composite  pave¬ 
ments.  It  would  also  appear  that 
the  established  theories  for  rigid 
composite  pavements  do  not  predict 
the  stresses  satisfactorily. 

Summary  and  Conclusions 

This  paper  doc"r”'’nteJ  ‘J.e  ex- 
rerl~;ice  with  nondestructive  tes¬ 
ting  of  two  Instrumented  airfields 
in  Canada.  The  testing  equipment 
were  the  Dynatest  8000  FWD  and 
8081  HWD.  One  of  the  pavements  was 
a  flexible  type  and  the  other  a 
composite  rigid  pavement.  The 
design  aircraft  for  both  these 
pavements  Is  the  Boeing  B-737-200. 
The  pavements  were  Instrumented 
with  load  cells  and  resistance 
type  wire  strain  gages.  They  were 
tested  non-dest ruct 1 ve 1 y  with 
static  plate  loads,  the  FWD  or  HWD 
and  under  commercial  scheduled 
B-737  aircraft  traffic.  The  rigid 
pavement  was  also  tested  with 
Hercules  C-130  aircraft. 

The  observed  stresses  under 
different  loading  conditions  were 
compared  with  those  produced  by 
the  design  aircraft.  In  addition, 
stresses  were  calculated  using  the 
moduli  derived  from  backcalcula- 
tlon.  These  were  also  compared  to 
the  observed  stresses. 

From  the  results  presented  In 
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this  paper  the  following  conclu¬ 
sions  are  drawn: 

1)  The  FWD  tests  simulated  the 
B - 7  3  7  aircraft  reasonably  well  in¬ 
sofar  as  the  actual  stresses  tn 
the  pavement  are  considered. 

2)  The  correlation  between  the 
measured  stresses  under  FWD  loads 
and  actual  aircraft  loads  was  bet¬ 
ter  in  the  case  of  flexible  pave¬ 
ments  than  for  the  rigid  composite 
pavement  tested  In  this  study. 

3)  In  flexible  pavements  the 
FWD  tests  produced  stresses,  In 
the  lower  layers,  similar  to  those 
produced  by  the  design  aircraft. 

4)  Both  plate  load  tests  and 
the  FWD  tests  underest imated  the 
stresses  in  the  asphaltic  concrete 
surface  layers.  Tills  could  lead 
one  to  err  on  the  unsafe  side  if 
one  is  using  tfiese  tests  to 
evaluate  th°  pavements  based  on 
asphalt  strain  criterion. 

5)  Whether  one  used  the  stan¬ 
dard  vers  u  i  of  the  FWD  or  the 
heavier  IIWo,  the  pavement  response 
seemed  to  be  comparable  in  the 
lower  layers,  however,  the  use  of 
larger  plates  might  produce  con¬ 
fining  stresses  in  the  upper 
layers  to  alter  the  stress  distri¬ 
bution.  Thus  in  choosing  to  In¬ 
strument  pavements,  one  should 
consider  the  relationship  of  the 
plate  diameter  to  the  thickness  of 
the  surface  layers. 

6)  While  the  measured  stresses 
from  the  FWD  tests  and  the  plate 
load  tests  correlated  reasonably 
with  the  observed  stresses  under 
the  design  aircraft,  the  same  can¬ 
not  be  said  about  stresses  com¬ 
puted  with  tne  backca leu lated 
moduli  values  using  different 
layer  elastic  algorithms.  There¬ 
fore,  It  is  submitted  that  while 
nondestructive  testing  equipment 
are  reliable  tools  for'  pavement 
evaluation  and  design,  further 
work  is  necessary  to  refine  the 
backca  leu  I  at  Ion  methods  to  produce 
reliable  stress  predictions. 

7)  In  the  case  of  tire  rigid 
composite  pavement  tire  stresses 
measured  in  the  upper  layer  under 
FWD  testing  correlated  well  with 
tha  (tresses  measured  under  actual 
aircraft  loads.  However,  consi¬ 


derable  variation  was  observed  In 
the  lean  concrete  base.  Similar 
observations  were  made  by  van  Dijk 
et  a  1  [  18 ] . 

8)  In  the  case  of  the  rigid 
composite  pavement,  the  lower  lean 
concrete  layer  showed  more  Iso¬ 
tropic  behaviour  while  the  upper 
normal  concrete  layer  did  not. 
Therefore,  analysis  methods  for 
such  structures  should  consider 
this  factor. 

9)  The  FWD  loads  appeared  to 
simulate  the  dual  gear  configura¬ 
tion  of  the  B-737-200  aircraft 
reasonably  well.  However,  this  was 
not  the  case  with  the  tandem  gear 
load  of  the  Hercules  C-130  air¬ 
craft.  This  raises  a  question 
whether  the  FWD  loading  would 
truly  simulate  the  tandem  and  dual 
tandem  gear  configuration  of  some 
heavier  aircraft  and  multiple  axle 
trucks . 

10)  The  currently  available 
methods  for  analysis  of  composite 
rigid  pavements  appear  to  grossly 
overestimate  the  stresses  produced 
in  the  pavement. 
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APPENDIX  A 


TABLE  A- 1 


TABLE  A -2 


SPECIFICATIONS  FOR  AILTECH  CONC  SPECIFICATIONS  FOR  FLAT  PLATE 

RETE  EMBEDDED  STRAIN  GAGES.  PIE20ELECTRIC  LOAD  CELLS. 


Resistance  350  ohmm  +  3% 

Gage  factor  2+3* 

Rated  Strain  level  20,000  micro¬ 
inch  per  Inch 

Operable  temp.:  -  50  to  +82  0  C 

Compensated  Temperature  Range: 

-25  to  +  74  °  C 

Terminal  Slope  :  0  +  80  micro¬ 
inches  over  -25  to  +  74  0  C 

Gage  Factor  change:  Inversely 
with  temperature  <?  1*  per  55  0  C 

Gage  Length  152  mm 


DIAMETER  230  mm 

Excitation  Voltage:  10  v  max. 

Response  Voltage:  70  mv 
Nonlinear  Hysteresis:  max  0.2  X 

Pressure  Range:  0-1,0  MPa 

Accuracy  within  +  7  kPa 

Operating  Temp.:  -40  °  to  +  40  °  C 

Suitable  for  direct  burial  In  soil 
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APPLICATIONS  OF  FIELD  INSTRUMENTATION  AND 
PERFORMANCE  MONITORING  OF  RIGID  PAVEMENTS 


Raymond  S.  Pollings,  U.S.  Army  Engineer  Waterways  Experiment  Station 
David  W.  Pittman,  U.S.  Army  Engineer  Waterways  Experiment  Station 


Abstract 

This  paper  reviews  some  of  the  past 
instrumentation  and  performance  measur¬ 
ing  used  by  the  Corps  of  Engineers  to 
develop  their  rigid  pavement  design  pro¬ 
cedures  and  will  consider  two  areas 
where  future  studies  could  improve  our 
understanding  of  rigid  pavement  perfor¬ 
mance.  Results  of  instrumented  model 
tests  and  full-scale  traffic  tests  gave 
confidence  in  the  Westergaard  edge 
loaded  analytical  model  to  calculate 
design  stresses.  This  model  has  been 
the  backbone  of  the  design  concept  for 
over  4C  years  now  and  continues  to  serve 
the  Corps  of  Engineers  well.  Also  per¬ 
formance  measurements  of  joints  devel¬ 
oped  the  concept  of  joint  load  transfer 
that  allowed  more  economical  design  of 
pavements  and  also  defined  standards  of 
joint  design.  There  are  still  chal¬ 
lenges  faring  the  Corps  of  Engineers 
where  instrumentation  and  performance 
measurements  in  the  field  can  help 
develop  better  design  standards.  The 
actual  effects  of  temperature  and  mois¬ 
ture  gradients  on  rigid  pavement  perfor¬ 
mance  remain  poorly  understood  even 
through  we  have  been  aware  since  the 
1930's  that  they  develop  stresses  in  the 
pavement.  Also  our  understanding  of 
bonding  in  rigid  pavement  overlays 
remains  poor  and  could  be  improved  by 
field  measurements. 


Introduction 

Pavement  design  developed  from  a 
blend  of  theory,  laboratory  testing, 
field  tests,  and  performance  monitoring. 
This  testing  and  performance  monitoring 
was  critical  because  it  allowed  the 
theoretical  concepts  to  be  checked  and 
modified  to  reflect  actual  conditions. 
Without  this  blend  of  theory,  teiting, 
and  performance  monitoring,  modern 
pavement  design  would  not  have  devel¬ 
oped  to  its  present  level. 

This  paper  will  review  four  speci¬ 
fic  aspects  of  the  Corps  of  Engineers 
rigid  pavement  design  procedure  to 
illustrate  the  importance  of  developing 
a  complete  blend  of  theory,  testing, 
and  performance  data.  Where  adequate 
theory  was  developed,  appropriate 
testing  was  conducted,  and  sufficient 
field  performance  data  was  collected, 
the  Corps  of  Engineers  rigid  pavement 
design  procedure  is  a  powerful  and 
useful  tool.  Where  any  one  of  these 
parameters  is  not  fully  developed,  the 
design  procedure  is  weaker  and  more 
limited.  The  four  specific  aspects  of 
the  design  procedure  that  will  be  con¬ 
sidered  in  this  paper  are  load-ir.duced 
stresses,  load  transfer,  temperature 
induced  stresses,  and  bonding  for  rigid 
overlays . 
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Analytical  Model 

The  Corps  pi"  Engineers  was  ciiarged 
with  developing  airfield  pavement 
design  procedures  during  World  War  il 
and  has  been  heavily  involved  in  this 
field  ever  since.  When  the  Corps  of 
Engineers  first  got  involved  live  only 
appropriate  analytical  model  available 
for  rigid  pavements  was  the  W'estergaard 
interior  load  model  (Westergaard  19''6a); 
however,  its  validity  was  uncertain. 
Lonsequent ly ,  o.a  of  the  first  tasks  was 
to  establish  the  validity  of  the 
Westergaard  model  . 

A  series  of  full  scale  accelerated 
tiaffxk.  tests  ’ere  conducted  at 
lockbourne,  Ohio  during  and  shortly 
after  World  War  II  to  develop  b-'sic 
performance  data  for  rigid  , avement 
design.  Figure  1  shows  a  sample  of 
strain  measurements  gathered  from  on. 
test.  These  -.easurements  showed  that 
the  Westergaard  interior  load  analytical 
model  overestimated  the  stress  and 
strain  actually  experienced  by  the 
pavement.  The  analytical  model  calcu¬ 
lated  strains  follow  the  shape  and  form 
of  the  measurements  and  gave  conserva¬ 
tive  results.  However,  observation  of 
"he  test  slab  performance  showed  that 
the  edge  of  the  trafficked  slab  was 
where  the  critical  stresses  occurred  ard 
cracking  started.  Consequently,  the 
interior  lead  nalytical  mouel  was  of 
limited  usefulness. 

In  1948  Dr.  Westergaard  published 
his  edge  load  analytical  model 
(Westergaard  19u8)  ,  and  solutions  for 
this  node]  were  greatly  simplified  when 
Pickett  and  Day  published  their  influ¬ 
ence  charts  (Pickett  and  Way  1950].  The 
validity  of  this  analytical  model  was 
checked  hv  „mall  scale  modex  tests 
W-iel  linger  and  Carlton  1950)  and  full 
scale  acceWrate  ,  traffic  tests 
(Sale  and  Hutchinson  1959;.  1 igure  1 

shows  a  sample  of  strain  measurements 
from  the  small  scale  mode, ,  and  the 
analytic  i!  model  once  .gain  gives 
generally  conservative  results  i  the 
c  a  1 <  u  i  a  t  e  d  . e a  a  1 1 -  do  . o 1 1 ow  the 
appropriate  shape. 

TWe  early  testing  at  Lockbourne 
found  tnat  keys,  dowels,  arm  short  spac¬ 
ing  on  contraction  joi  .is  improved  pave¬ 
ment  ner f ormance .  Thi_  developed  the 
concede  of  load  transfer  r  ccogr.  i  z '  ng 
that  «n  a'1  Wicent  slab  can  he  1  p  carry  the 
load  on  a  si  .b  edge  if  the  tip;  is 


properly  designed.  Figures  3  and  4 
show  sample  results  of  strain,  measure¬ 
ments  and  theoretical  calculations, 
ihe  shape  of  the  calculated  strains  for 
the  multiple  wheel  gear  and  the  mea¬ 
sured  strains  are  once  again  similar, 
and  the  analytical  model  give0  conser- 
vative  results.  When  the  measured  load 
transfer  is  included  in  the  theoretical 
calculations  the  disparity  between 
calculated  and  measured  st-ains  is 
reduced,  but  the  analytical  model 
results  are  still  conservative. 

Tae  measured  strains  were  from,  a 
load  cart  mooing  at  about  9.8  mph .  If, 
as  in  Figure  5,  a  dynamic  elastic 
modulus  is  used  ior  the  theoretical 
calculations  rather  than  a  static 
modulus,  che  agreement  between  measured 
and  theoretical  strain  magnitudes  is 
improved,  but  the  model  is  still 
conservative.  The  actual  pavement 
problem  is  a  dynamic  problem  rather 
than  a  static  one  for  all  but  stopped 
or  paiKed  aircraft.  Early  tests  with 
an  instrumented  aircraft  <  Oh  •'  o  River 
Division  Laboratory  1943'  found  that 
static  loads  were  the  most  severe 
loads,  and  this  was  later  confirmed  by 
much  more  comprehens ive  testing 
.Ledbetter  1979} ,  Even  through,  the 
pavement  problem  is  a  dynamic  problem 
it  xS  analyzed  as  a  static  problem. 

Tbo's  app.oach  is  a  conservative 
simplification,  and  appropriate  dynamic 
-ensures  for  parameters  such  as  the 
concrete  flexural  strenfcth  or  the 
medu1  .s  of  subgrade  reaction  have  not 
oeen  developed.  Rased  or.  observation 
of  in  ■  .rvice  pavements,  runway 
interiors  wuere  aircraft  seldom  stop 
are  made  thinner  in  recogrit  ion  of  the 
actual  dynamics  of  the  problem'. 

The  Westergaard  edge  lend  analyti¬ 
cal  model  is  the  heart  of  the  dorps  of 
Engineers  rigid  pavement  design  proce¬ 
dure.  The  instrumented  models  ar.d  test 
sections  a r. „  the  performance  data  col¬ 
lected  from  tne  accelerated  traffic 
ti.,ts  and  from  in  service  ,  avenents 
srows  tnat  the  model  can  ne  used  with 
static  material  and  load  properties  to 
give  conservative  results.  it  is 
effective  for  calculating  the  relative 
interactions  o*  load  sice  and  configu¬ 
rations,  pavement  thickness ,  concrete 
modulus  of  elasticity  and  :  oiss.-ns 
rat’o,  and  modulus  >:  suW grade  reac¬ 
tion.  Tod.iv ,  it  is  ommon  for  the 
author  of  i  new  powerful  finite  •  ’.erect 


rigid  pavement  model  to  first  establish 
its  validity  by  showing  that  it  gives 
the  same  results  as  the  Westergaard 
model.  Recognizing  the  conservative 
nature  of  the  Westergaard  model  as 
evidenced  by  results  such  as  Figures  1 
through  5  and  remembering  the  dynamics 
of  the  situation,  it  makes  one  wonder 
if  some  theoretical  modelers  might  have 
lost  sight  of  the  question. 

Load  Transfer 

The  model  and  full  scale  traffic 
tests  demonstrated  that  load  transfer 
across  joints  did  exist,  and  if  this  was 
recognized  in  design,  thinner,  more 
economical  designs  would  result.  Based 
on  laboratory  and  field  measurements, 

25  percent  load  transfer  was  selected  as 
the  standard  design  assumption.  Table  1 
shows  the  combined  results  from  Corps  of 
Engineer'  measurements  of  load  trans'"  r. 
The  mean  keyed  joint  load  transfer 
barely  exceeds  the  design  assumption, 
and  as  might  be  expected,  the  keyed 
joint  field  performance  has  never  been 


as  good  as  the  doweled  construction 
joint  (Barenberg  and  Smith  1979,  Grau 
1979)  .  For  this  reason  the  Corps  of 
Engineers  limits  the  use  of  keyed  joints 
on  thin  pavements  or  under  channelized 
heavy  cargo  or  bomber  aircraft  traffic 
or  on  soft  subgrades. 

The  load  transfer  data  is  suffi¬ 
cient  to  determine  appropriate  design 
values  for  the  most  common  joint  types 
used  by  the  Corps  of  Engineers  (keyed 
and  doweled  construction  and  aggregate 
interlock  contraction  lomcsj  ana  to 
develop  appropriate  limitations  on  their 
use.  However,  for  new  construction 
procedures  such  as  roller  compacted 
concrete,  insufficient  data  have  been 
collected  from  different  sites  to  allow 
selection  of  a  design  load  transfer 
value.  At  the  current  time,  roller  com¬ 
pacted  concrete  pavements  are  designed 
for  no  load  transfer  (Rollings  1988a) 
although  if  sufficient  data  are  col¬ 
lected  the  results  in  Table  1  suggest 
that  a  10  or  15  percent  load  transfer 
value  for  design  could  be  appropriate. 


Table  1.  Representative  Corps  of  Engineers  Load  Transfer 
Measurements  for  Full  Scale  Tests  Section  and 
In-Service  Pavements 


Number  of 

Load  Transfer 

Coefficient  of 

Type  of  Joint 

Data  Points 

Range 

Mean 

Variation,  7. 

Plain  Concrete 

Doweled  Construction 
Joint 

195 

0.0-50.0 

30.6 

38.0 

Doweled  Expansion 

Joint 

15 

15.4-42.6 

30.5 

24.4 

Contraction  Joint 
with  Aggregate 
Interlock 

46 

15.6-50.0 

37.2 

19.2 

Tied  Contraction 

6 

23.9-34.8 

29.2 

13.4 

Doweled  Contraction 

4 

28.2-42.8 

35.1 

17.3 

Keyed  Joint 

61 

5.6-49.0 

25.4 

41.4 

Tied  Key  Joint 

2 

25 . 6-26 . 1 

25.8 

— 

Lockbourne  "Free" 
(butt)  Joint 

8 

5.8-24.5 

15.5 

40.9 

Roller-Compacted 

Concrete  Pavement 

Transverse  Cracks* 

16° 

— 

18.6 

36.0 

Longitua  _»1  Cold* 

8 

— 

12.3 

45.5 

Joints 


*  All  measurements  are  from  one  project. 


Temperature  Stresses 


When  a  temperature  gradient  exists 
in  the  pavement,  the  differential  volume 
changes  in  the  top  and  bottom  of  the 
slab  develop  stresses  in  the  concrete. 
The  existence  of  this  gradient  is  well 
established  by  field  measurements. 
Methods  of  calculating  these  stresses 
were  developed  as  far  back  as  the  1920's 
(Westergaard  1926b) ,  and  a  variety  of 
methods  exist  for  calculating  tempera¬ 
ture  induced  stresses  today. 

Even  though  the  theoretical  magni¬ 
tude  of  the  stresses  may  be  calculated, 
it  is  not  clear  what  should  be  done  with 
them.  Should  these  stresses  be  simply 
added  and  subtracted  to  load  Induced 
stresses?  How  should  the  theoretical 
stresses  be  adjusted  for  creep? 

Although  we  can  calculate  the  stresses 
and  can  measure  temperature  gradients 
and  strains  in  the  field,  there  is  no 
data  on  how  these  stresses  actually 
affect  the  pavement  performance. 

Figure  6  illustrates  one  possible 
effect  of  temperature  induced  stress. 

In  laboratory  concrete  beam  fatigue 
testing,  some  load  is  maintained  on  the 
beam  at  all  times  to  avoid  rebound.  As 
shown  in  Figure  6  the  ratio  of  the  mini¬ 
mum  "at  rest"  load  to  the  maximum,  fully 
applied  load  has  a  major  impact  on  the 
concrete  fatigue  relationship.  In  the 
field  the  pavement  temperature  gradient 
may  maintain  some  minimal  "at  rest" 
stress  in  the  pavement.  As  the  pavement 
temperature  varied  at  different  times  of 
day  and  during  different  seasons  at  the 
AASHO  Road  Test,  the  calculated  ratio  of 
the  temperature  stress  to  the  sum  of  the 
temperature  and  load  stresses  varied 
from  0.16  to  0.60  (Rollings  1988b). 

This  would  imply  that  there  is  no  single 
unique  fatigue  relation  for  concrete 
pavements . 

Corps  of  Engineers  maximum  joint 
spacing  and  slab  size  for  rigid  pave¬ 
ments  are  determined  based  on  the  thick¬ 
ness  of  the  slab.  No  formal  analysis  of 
temperature  or  other  effects  are  made, 
and  conventional  pavements  built  with 
these  criteria  have  not  had  curling 
problems  in  the  field. 

When  steel  fiber  reinforced  con¬ 
crete  pavements  were  introduced,  their 
high  strength  allowed  slab  lengths  to  be 
increased  to  50  or  more  ft  compared  with 
conventions.!  15  to  25  fee  t  joint  spac¬ 
ing.  As  shown  iri  Figure  /  the  amount  of 


differential  shrinkage  needed  to  cause 
curl  is  a  function  of  slab  thickness  and 
joint  spac ing .  The  steel  fiber  rein¬ 
forced  pavements  in  Figure  7  required 
only  a  fraction  of  the  shrinkage  needed 
by  the  conventional  concrete  slabs  to 
develop  curling  problem.  An  inspection 
of  these  slabs  in  the  field  found  that 
slab  curling  with  resulting  corner 
breaks  was  a  universal  problem  (Rollings 
1986).  Even  though  normal  Corps  of 
"ngineers'  joint  onaring  criteria 
avoids  curling  problems  without  having 
to  make  temperature  or  other  complex 
calculations,  they  cannot  be  extrapo¬ 
lated  to  new  problems  such  as  the 
large,  thin  fiber  reinforced  slabs. 
Without  the  combination  of  theory, 
testing,  and  field  performance  we 
cannot  now  determine  appropriate  joint 
spacing  criteria  and  simply  require 
that  they  are  the  same  joint  spacing  as 
conventional  pavements. 

Rigid  Overlay  Bonding 

There  are  three  recognized  levels  of 
bond  between  a  rigid  overlay  and  a  base 
slab.  Full  bonding  ensures  monolithic 
action  between  the  overlay  and  base  by 
requiring  careful  surface  preparation 
and  bonding  grout;  partial  bond  simply 
requires  minimal  surface  cleaning 
before  placing  the  overlay;  and 
unbonded  overlays  use  a  bond  breaking 
layer  such  as  asphalt  concrete  to 
ensure  there  is  no  bond  between  the 
overlay  and  base.  These  terms  for 
bonding  are  based  on  construction 
procedure  and  not  on  any  actual  levels 
of  bond. 

The  Corps  of  Engineers  design  method 
for  rigid  overlays  is  entirely  empirical 
and  is  based  on  accelerated  traffic  tests 
conducted  in  the  1950's  (Rollings 
1988b,  Mellinger  1963).  When  this 
design  procedure  was  being  developed  in 
the  1950's,  there  were  not  theoretical 
models  available  capable  of  analyzing 
the  layered  structure  of  a  concrete 
overlay  on  a  concrete  base  pavement. 
Consequently,  the  engineers  were  forced 
to  use  empirical  relations  developed 
from  the  performance  data  of  limited 
accelerated  traffic  testing.  This  was 
a  practical  solution  to  the  problem , 
and  this  empirical  design  method 
continues  in  use  and  has  been  adopted 
by  many  organizations. 

Today  we  have  analytical  code  Is 
capable  of  analyzing  the  overlay 


problem,  and  the  accelerated  traffic 
tests  provide  some  performar.ee  data. 
However,  no  tests  have  been  conducted  to 
determine  the  nature  of  the  bond  between 
the  overlay  and  base  pavements.  Conse¬ 
quently,  it  is  difficult  to  determine 
what  form  of  friction  or  adhesion  should 
be  used  to  model  this  interface  in  the 
new  more  powerful  analytical  models.  A 
number  of  assumptions  can  he  made  on  how 
to  model  this  interface,  but  now 
detailed  test  data  such  as  the  model  or 
full  scale  traffic  test  section  strain 
tests  for  the  Westergaard  model  are 
needed  to  determine  how  well  or  poorly 
these  assumptions  model  the  real 
pavement  performance. 

Conclusi on 

Table  2  summarizes  the  status  of 
four  elements  of  the  Corps  of  Engineers 
rigid  pavement  design  procedure.  For 
calculating  design  stresses,  the 
Westergaard  edge  loaded  model  provides  a 
theoretical  base  that  has  been  checked 
with  detailed  test  data,  and  correlated 
to  field  performance.  It  has  served  the 
Corps  of  Engineers  well  for  over  forty 
years  and  remains  the  standard  against 
which  new  methods  are  checked.  The  con¬ 
cept  of  load  transfer  can  be  incorpo¬ 
rated  within  the  theoretical  model  and 
has  been  checked  with  field  measurement 


and  performance.  This  concept  allows 
design  of  more  economical  pavements. 

A  variety  of  theoretical  models  can 
be  used  to  calculate  temperature  effects 
and  stresses,  and  there  have  also  been 
some  test  measurements  of  these  effects. 
However,  this  work  has  never  been  tied 
to  actual  field  performance  so  it  has 
little  impact  on  design  practice. 

Instead  experience  and  empirical  guid¬ 
ance  are  used  to  keep  avoid  problems. 

The  bonding  between  overlays  can  now  be 
modeled  analytically,  and  there  is  some 
performance  data  upon  which  the  old 
empirical  design  relationships  were 
developed.  However,  the  lack  of  good 
test  information  concerning  the  nature 
and  effect  of  the  overlay  interface 
makes  it  difficult  to  upgrade  current 
overlay  design  practice  w'th  the  new 
improved  analytical  models. 

Those  design  elements  in  Table  2 
that  include  an  analytical,  basis  that 
has  been  verified  by  testing  and  corre¬ 
lated  to  field  performance  are  included 
in  design  practice  and  have  major 
impact  on  design.  If  any  one  of  these 
three  aspects  are  missing,  then  the 
design  element  is  included  onry  crudely 
in  the  design  process.  Consequently, 
any  pavement  development  work  should 
ensure  that  all  three  parameters  of 
theory,  test  verification,  and  correla¬ 
tion  to  actual  performance  are 
included . 


Tahle  2.  Summary  of  Needs  for  Corps  of  Engineers 
Rigid  Pavement  Design  Procedure 
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1.  Sample  Measured  and  Calculated  Strains  from  Lockbourne  Test  No.  1 
(Ohio  River  Division  Laboratory  1946) 
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Figure  2.  Sample  Results  from  the  Corps  of  Engineers  Pavement  Model 
(Ohio  River  Division  Laboratory  1964) 
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3.  Sample  Calculated 
(Modified  from  Ohio 


and  Measured  Strains  at  a  Doweled  Joint 
River  Division  Laboratory  1950) 


LOCKBOURNE  NO. 2  MODIFICATION  MULTIPLE  WHEEL  STUDY 


Figure  4.  Sample  Calculated  and  Measured  Strains  at  a  Keyed  Joint  (Modified 
from  Ohio  River  Division  Laboratory  1950) 


274 


EDGE  STRAIN,  XI 0 


LOCKBOURNE  NO. 2  MODIFICATION  MULTIPLE  WHEEL  STUDY 


EDGE  STRAINS,  LONGITUDINAL  EDGE 


DISTANCE  CENTER  OF  GEAR  TO  GAGE,  ft. 


LEGEND 

. THEORETICAL  FREE 

EDGE  STATIC  E 

-  THEORETICAL  FREE 

EDGE  DYNAMIC  E 

- THEORETICAL 

26.8%  LT 
DYNAMIC  E 

_ .  _  MEASURED 
KEYED 
JOINT 


TRAFFIC 


Figure  5.  Comparison  of  Measured  Strains  and  Calculated  with  Static 
and  Dynamic  Properties  for  a  Keyed  Joint  (Modified  from  Ohio  River 

Division  Laboratory  1950) 
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p-'gure  6.  Effect  of  Minimum  to  Maximum  Test  Stress  Ratio  on  Fatigue 
Relations  (American  Concrete  Institute  1986) 
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Figure  7.  Effect  of  Slab  Length  and  Thickness  on  Amount  of  Differentia] 
Shrinkage  needed  to  cause  curling  (Modified  from  Rollings  1986) 
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IN  - S ITU  STRAIN  MEASUREMENTS  IN  HOT-MIX  ASPHALT  PAVEMENTS 
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ABSTRACT 

More  reliable  and  long-live< 
techniques  are  needed  for  measuring 
strains  in  the  hot-mix  asphalt  layers  of 
hot -mix  asphalt  pavements.  This  paper 
presents  the  results  of  measurements 
obtained  from  three  different  types  of 
strain  gauges.  Good  correlation  was 
observed  between  the  measurements  from  two 
of  the  gauge  types  and  the  calculated 
strains.  Longevity  of  the  gauges  unc  r 
accelerated  loading  was  poor  but 
corrective  actions  are  offered. 


.  •  '.st  ruction,  except  that  180  mm  of  hot- 
mi:;  asphalt  and  80S  mm  of  crushed  aggre¬ 
gate  subbase  were  used  (1) . 

The  instrumentation  installed  at  the 
time  of  construction  included  two  types  of 
strain  gauges,  selected  from  the  group  1.1 
and  2.3  gauges  that  were  used  in  the  OECD 
trials  in  Nardo ,  Italy  (2).  The  group  1.1 
gauges  are  often  referred  to  as  "H"  gauges 
and  are  shown  schematically  in  figure  1. 
These  gauges  mav  be  fabricated  in  a  number 
..  configurations. 


INTRODUCTION 

The  need  for  accurate  and  reliable 
measurements  of  the  response  of  pavement 
systems  to  traffic  loading  has  become  more 
iinportant  with  the  development  of  more 
sophisticated  analytical  models,  the  trend 
towards  mechanistic  design  methods,  and 
the  use  of  accelerated  loading  facilities. 
This  paper  documents  measurements  obtained 
with  three  types  of  strain  gauges  at  the 
federal  Highway  (FHWA)  Accelerated  Loading 
Facility  (ALF)  in  McLean,  Virginia  (1). 
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Lane  I  was  constructed  in  the  summer 
of  1986  with  12b  mm  of  hot-mix  asphalt  and 
lbO  mm  of  dense-graded  crushed  aggregate 
subbase  placed  on  a  compacted  sub grade 
with  a  GBR  of  b.  Lane  7  was  of  siini1 


Classification  of  Nardo  Gauges 
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In  this  study  premounted  strain 
gauges,  manufactured  by  Kowya  especially 
for  this  application  (Part  No.  RFC  30-C- 
11),  were  fastened  to  two  9.5  mm  by  9.5  mm 
by  100  mm  brass  anchor  bars.  The  group 
2.3  gauges,  developed  and  manufactured  by 
Christison  (3)  of  the  Alberta  Research 
Council  (ARC),  consist  of  two  strain 
gauges  mounted  on  plastic  film  and  embed¬ 
ded  in  a  20  mm  thick  by  165  mm  by  165  mm 
wide  block  of  asphalt  mastic. 

Neither  the  H  gauge  or  the  Christison 
gauge  can  be  used  in  retrofitting  situ¬ 
ations.  Therefore,  subsequent  to  the 
construction,  one  of  the  sections  was 
retrofitted  with  group  3.1  gauges,  fig¬ 
ure  1.  With  this  scheme,  a  core  is  first 
removed  from  a  remote  section  of  the  test 
area  and  fitted  with  strain  gauges  in  the 
desired  configuration.  The  core  is  then 
cemented  with  epoxy  into  a  core  hole 
drilled  at  the  test  location.  Essential 
to  the  success  of  this  scheme  is  the  use 
of  two  differently  sized  core  barrels  such 
that  the  replacement  coiO  fits  into  the 
core  hole  with  a  minimum  clearance  (4)  . 
It  is  also  necessary  that  the  stifiness  of 
the  epoxy  match  the  stiffness  of  the  hot- 
mix  asphalt  so  that  the  epoxy  disturbs  the 
strain  field  around  the  core  as  little  as 
possible . 


GENERAL  APPROACH 

Three  main  factors  are  of  concern 
with  respect  to  the  performance  of  strain 
gauges  installed  in  hot-mix  asphalt  pave¬ 
ments:  (a)  the  accuracy  of  the  measured 
strain,  (b)  the  repeatabi  lity  of  results, 
and  (c)  the  long-term  serviceability  of 
the  gauge . 

The  data  acquisition  system  at  the 
ALr  site  is  based  on  an  IBM  PC/AT  personal 
computer  and  several  Data  Translation 
D2801A  A/D  boards  (1).  A  custom  data 
acquisition  program  is  used  to  collect 
data  from  the  train  gauges  and  other 
transducers.  The  system  also  assembles 
the  collected  data  in  ASCII  or  ASYST™ 
files  for  further  analyses. 

The  accuracy  of  the  measured  strains 
was  verified  by  comparing  them  to  strains 
obtained  from  theoretical  calculations. 
The  in-situ  mechanical  properties 
necessary  for  these  calculations  were 
estimated  from  back-calculations  based  on 
Falling  Weight  Def lectometer  (IWD) 


measurements  conducted  throughout  the  test 
period  (5 ) . 

The  repeatability  of  the  strain 
measurements  was  assessed  in  terms  of 
within-and  between-gauge  variability.  In 
this  study,  when  response  measurements 
were  acquired,  each  combination  of  load 
level  and  lateral  wheel  placement  was 
repeated  three  times.  Therefore,  the  mean 
and  standard  deviation  of  the  measurements 
were  calculated  for  the  three  types  of 
gages,  different  load  levels,  and  wheel 
placement.  (Note:  The  lateral  position 
of  the  ALF  loading  dolly  can  be  operator 
selected  while  the  machine  is  in 
operation . ) 

The  long-term  serviceability  of  the 
gauges  was  investigated  by  monitoring  both 
the  long-term  accuracy  and  the  long-term 
repeatability  of  the  gauges.  This  was 
done  at  various  levels  of  load  appli¬ 
cation,  or  equivalent  single  axle  load 
repetitions  (ESAL),  throughout  the  test 
period.  Because  different  load  levels 
were  used  for  different  test  sections,  the 
loading  history  was  converted  to  AASHTO 
80 -kN  ESAL's. 


EVALUATION  OF  H  GAUGES 

Six  11-gauges  were  installed  in  lane 
2  ,'ection  3  at  the  bottom  of  the  hot-mix 
binder  course  as  shown  in  figure  2. 

H  Gauge  Variability.  Based  on  the 
symmetry  of  the  layout  shown  in  figure  2, 
strain  gauges  1,  2,  3,  and  4  should  yield 
identical  strains  when  the  centerline  of 
the  dual  wheels  (84-kN)  pass  over  the 
pavement  centerline.  The  peak  strain 
measured  from  the  four  strain  gauges  are 
plotted  in  figure  3  as  a  function  of  the 
number  of  80 -kN  ESAL  repetitions. 

The  data  in  figure  3  indicate  a  large 
variability  between  the  measurements  for 
the  four  gauges.  During  the  post:  mortem 
evaluations  of  these  test  sections,  large 
blocks  of  the  pavement,  approximately  1  m 
by  1  m,  were  removed  and  it  was  noticed 
that  the  anchor  bars  were  loose.  Some  of 
the  anchor  bars  had  loosened  during  traf¬ 
ficking,  such  that  considerable  bending 
would  have  to  occur  in  the  pavement  before 
the  gauges  could  experience  any  strain. 
This  looseness  decreased  the  apparent 
sensitivity  of  the  loose  gauges  such  that 
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(strains  too  small  -  loose  gauges)  verc 
discarded,  giving  the  data  shown  in 
f i 6ure  4.  Only  with  multiple  strain 

gauges  was  it  possible  to  identify  those 
gauge >  with  anomalous  results.  As  indi¬ 
cated  in  figure  4,  the  magnitude  of  the 
strains  increased  with  increasing  numbers 
of  accumulated  ESAL.  Calculated  strains 
are  also  shown  in  figures  4.  The  dif¬ 
ferences  between  the  measured  and  theo¬ 
retical  strains  were  very  small  prior  to 
3.5  million  accumulated  ESAL.  The  large 
difference  between  theoretical  and 

measured  strains  after  3.5  million 
repetition  is  due  to  the  extensive  fatigue 
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the  measured  strains  much  were  less  than 
the  actual  strains. 

The  sets  of  measurements  from  gauges 
1,  2,  3,  and  4  were  compared  and  those 
data  points  that  were  in  obvious  erroi 


H  Gauge  Repeatability.  The  repeatability 
of  the  measurements  from  the  11  gauges  was 
studied  at  an  early  stag:  of  the  _::pcr- 
iment  when  most  of  the  gauges  were  still 
tightly  anchored  in  the  binder  layer.  To 
demonstrate  the  within-  and  between- gauge 
variability,  the  measured  strain  values 
for  five  load  levels  and  three  passes  of 
the  test  wheels  are  given  in  table  1.  The 
average  standard  deviation  within  the 
three  repeated  measurements  is  approx¬ 
imately  4-/i  strain,  which  compares  favor¬ 
ably  with  the  magnitude  of  the  actual 
readings.  Repeatability  between  gauges 
can  also  be  observed  in  table  1  by 
comparing  the  readings  of  the  gauges 
placed  to  the  right  and  left  of  the 
centerline  and  by  comparing  gauges  at 
different  stations.  The  repeatability  of 
the  gauges  was  considered  good  at.  the 
o.irlv  stage  of  loading.  However,  •  h, 
r<  p<  itability  between  different  gauges  t 
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Table  1.  Kvowa  gauge  measurements  during  testing  of  section  2-3  with  test 
wheels  centered  on  the  pavement  centerline. 


Microstrain 


Dual 

Wheel  Load 

Station 

0 . 304  m  Left 
of  Centerline 

Centerl ine 

0 . 304  m  Right 
of  Centerline 

4  2  kN 

112 

54.2 

50.4 

55.4 

53.2 

70.2 

56.4 

58.9 

57.3 

57.6 

Average 

55.4 

59.3 

56.5 

110 

NA 

52 . 3 

39.7 

NA 

53.5 

55  .  7 

NA 

48.8 

NA 

Average 

NA 

51.5 

47 . 7 

52kN 

112 

72.4 

81.9 

74.0 

76.9 

81.9 

74.3 

76.2 

92.9 

75.9 

Average 

75.2 

85.6 

74.7 

110 

NA 

95.1 

81.9 

NA 

93.9 

63.9 

NA 

97.3 

84.4 

Average 

NA 

95.4 

76.7 

6  3  kN 

112 

107.4 

127.6 

99.8 

101.4 

118.4 

98.9 

95.4 

113.4 

94.8 

Average 

101.4 

119.8 

97.8 

110 

NA 

117.8 

103.9 

NA 

116.8 

92.0 

NA 

119.4 

94.5 

Average 

NA 

11S.0 

96  8 

7  3  kN 

112 

124.1 

129.8 

113.7 

126.0 

150.9 

115.0 

126.6 

139.5 

113.1 

Average 

125.6 

140.1 

113.9 

no 

NA 

130.4 

81.9 

NA 

132.0 

98.6 

NA 

132  .  3 

77 . 5 

Average 

NA 

131.6 

86.0 

84  kN 

112 

142.3 

168.5 

122.2 

142.0 

162.2 

120.9 

143.0 

164 . 7 

123.1 

Average 

142.4 

165 . 1 

122.0 

no 

NA 

166.6 

118.1 

NA 

166.6 

117.2 

NA 

163.5 

120.0 

Average 

NA 

165.6 

118.4 

often  poor  after  considerable  loading,  as 
shown  in  figure  3. 

Serviceability.  The  long  term 
serviceability  of  the  H  gauges  can  be 
observed  from  the  data  shown  In  figure  4. 
In  general  the  rate  of  failure  of  the  H 
gauges  was  as  high  as  50  percent.  The 
long  term  repeatability  of  the  surviving 
gauges  was  also  investigated  and  is  shown 
in  table  2.  Except  for  the  test  period 
near  the  terminal  life  of  the  section  the 
data  show  good  within-gauge  repeatability. 
Since  most  of  the  gauges  failed  at  various 


tically  deform  the  hot-mix  asphalt.  A 
0.01  in  thick  aluminum  strip  will  generate 
approximately  the  same  force  Therefore, 
the  stiffness  of  the  H-gauge  is  extremely 
important.  The  Kowya  H-gauge  and  most 
aluminum  H-gauges  are  unacceptably  stiff. 


Alberta  Gauges 

Accuracy  of  Measured  Strains.  Three 
Alberta  gauges  were  installed  in  lane  2 
section  3,  at  the  locations  shown  in 
figure  2.  Strain  gauge  7  failed  very 


Table  2.  Kyowa  gauge  measurements  during  testing  of  section  2-3  using  ALF 

dual  wheel  load  of  84  kN 


Day  of  Test 


Microstrain  Average  Standard  Deviation 


12 


50 


122 


140 


31.5 

29.3 

30.2 

105.8 

104.2 

105.2 

105.8 
106.4 

132.3 

132.9 
129.1 

129.8 

132.3 

658.9 
6/1.5 

634 . 3 

622.3 
628.0 


30.3 


105.5 


1.10 


0.8 


131.3 


1.7 


643.0 


21.2 


loading  stages,  the  between-gauge 
repeatability  could  not  be  investigated. 

Looseness  of  H-Gauges.  The  author's 
were  concerned  about  the  looseness  of  the 
H-gauges  and  sought  an  answer  for  the 
cause  of  the  looseness.  Assuming  the 
stiffness  of  the  plastic  strip  is  4  x  10r 
lb/in2,  and  that  the  underside  of  the 
pavement  undergoes  a  strain  of  800 
microstrain,  the  force  on  the  anchor  bars 
will  be  35  -  40  lb.  The  author's  feel 
that  this  is  sufficient  force  to  plas- 


early  during  the  loading  period.  The  data 
for  gauges  5  and  6  show  a  very  large 
difference  between  the  theoretical  strains 
and  the  measured  values  throughout  the 
entire  test  period  and  the  theoretical 
strains  are  very  large  compared  to  the 
measured  values. 

Repeatability  of  the  results.  Very 
few  data  points  were  obtained  from  the 
Alberta  gauges  as  a  result  of  difficulties 
encountered  in  the  balancing  of  the  gauges 
during  testing.  Most  of  the  collected 
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data  were  unrealistic,  and  therefore  a 
meaningful  conclusion  regarding  repeat¬ 
ability  could  not  be  made. 

Serviceability.  The  failure  rate  of 
the  Alberta  gauges  was  unacceptably  large. 
Among  the  three  gauges  installed  in  lane 
2  section  3,  none  produced  any  i.t;alisLic 
data.  This  is  not  meant  to  be  critical  of 
these  gauges:  they  have  been  used  success¬ 
fully  by  others  in  field  applications  (3) . 

The  cables  leading  from  these  gauges 
and  from  the  H  gauges  were  anchored  on  the 
compacted  subbase  with  10  penny  nails  bent 
in  the  form  of  a  U  at  the  head  end  and 
driven  into  the  subbase.  Although  this 
technique  has  worked  successfully  before, 
in  this  application  the  nails  sometimes 
wore  through  the  cable  insulation  and 
shorted  the  lead  wires.  This,  and  the 
large  strains  caused  by  the  large  wheel 
loads  (as  large  as  84  kN  per  dual  tires) 
probably  was,  in  large  part,  responsible 
for  the  premature  failure  of  both  the  H 
gauges  and  the  Alberta  gauges. 

Instrumented  Cores 

Four  instrumented  cores  were  used  to 
retrofit  lane  2  section  1.  The  locations 
of  the  cores  are  shown  in  figure  5. 


<L 


Figure  3.  Location  of  Instrumented  Cores. 


Accuracy  of  Measured  Strains  When 
the  centerline  of  the  dual  tires  passes 
over  the  centerline  of  the  pavement,  the 
gauges  on  all  four  cores  shown  in  fig¬ 
ure  5  should  measure  identical  strains. 
The  measurements  from  these  cores  are 
plotted  in  figure  6  as  a  function  of  the 
number  of  applied  80-kN  ESAL  repetitions. 
The  loading  period  of  test  2-1  spanned  the 
period  from  April  to  December  of  1988.  As 
a  consequence ,  the  average  pavement 
temperature  was  a  major  variable  in  the 
response  of  the  test  section.  This  is 
reflected  in  figure  6  where  the  strains 
increase  and  then  decrease  with  increased 
load  application. 


0  1000  2000  3000  4000  5000  6000  7000 


80-kN  ESAL.  10C0 

Figure  6.  Strain  Data  from  Four 
Instrumented  Cores. 

Repeatability  of  the  results.  The 
repeatability  of  the  strain  measurements 
was  investigated  at  various  stages 
throughout  the  test  period.  The  readings 
from  core  1  were  evaluated  in  terms  of  the 
mean  and  standard  deviation,  table  3.  The 
data  indicate  good  measurement  repeat¬ 
ability  throughout  the  test  period  except 
at  144  days  into  the  loading  period  where 
a  standard  deviation  of  15.95  was 
encountered. 

Serviceability.  The  long-term 
serviceability  of  the  instrumented  cores 
was  unacceptable.  The  test  period  lasted 
for  210  days.  Of  the  four  cores,  two 
cores  failed  after  68  days  and  one  core 
failed  after  98  days  of  testing.  Only  one 


core  produced  valid  data  the  entire 
loading  period.  However,  the  long-term 
repeatability  of  the  surviving  core  gauge 
was  good,  based  on  the  data  in  table  3. 


in  figure  7.  Also  shown  in  the  figure  are 
strains  calculated  from  static  and  dynamic 
analyses.  The  static  strains  were 
calculated  with  the  BISAR  computer  program 


Table  3.  Instrumented  core  measurements  during  testing  of  section  2-1  using 

dual  wheel  load  of  73  kN. 


Average 

Pavement 

Day  of  Test  Temperature  Microstrain  Average  Standard  Deviation 


1  55.6 


90.8  89.9 

86.2 

92.6 


3.3 


34  59.9 


291  285 

286 
278 


6.3 


74  76.5 


440  437 

440 

430 


6.1 


110  73.5 


406  402 

405 

395 


5.8 


144  65.3 


201  210 
2C0 
228 


16.0 


175  48.9 


51.6  55.7  5.5 

53.4 
62.0 


LOAD -UP  STUDY 

A  load-up  study,  in  which  the  dual 
wheel  loads  were  increased  from  42  kN  to 
84  kN  was  conducted  on  January  29,  1987, 
the  first  day  of  loading  on  section  2-3. 
Strains  were  measured  with  the  dual  tires 
in  three  lateral  positions:  with  the 
centerline  of  the  duals  passing  over  the 
pavement  centerline  and  passing  0.3  m  to 
the  left  and  0.3  m  to  the  right  of  the 
centerline . 

Strain  gauge  data  for  the  centerline 
gauges,  measured  during  the  load-up  study 
with  this  dual  tires  centered  over  the 
centerline  gauges,  are  shown  graphically 


and  the  dynamic  strains  were  calculated 
with  the  DYN AMICI  Computer  Program  (5). 

There  is  relatively  good  agreement 
between  the  measured  and  calculated 
strains,  especially  for  the  smaller  load 
levels.  At  the  high  load  levels,  both  the 
dynamic  and  static  calculated  strains  were 
lower  than  the  measured  strains.  This 
difference  may  be  explained  by  the  non¬ 
linear  behavior  of  the  subbase  and  sub¬ 
grade  material  under  heavy  loads.  Within 
the  range  of  expected  highway  traffic 
loading,  80  to  106  kN  axle  loads,  the  H 
gauge  and  calculated  dynamic  or  static 
strains  are  very  similar. 
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Figure  7.  Comparision  of  Calculated  Static 
and  Dynamic  Strains  with  Measured  Strains. 


FINDINGS 

Based  on  the  authors'  experience  at  the 
5!!WA  Acceleiated  Loading  facility  the 
following  findings  are  warranted: 

1.  The  H-gauges  that  are  constructed 
with  the  Kowya  gauges  mounted  on  the 
plastic  strips  are  too  stiff  and  will 
loosen  on  the  pavement. 

2.  Multiple  gauges  are  needed  to 
obtain  accurate  estimates  of  strain. 

3.  The  lateral  and  longitudinal 
position  of  tie  test  wheel  must  be  known 
to  plus  or  minus  one  inch  in  order  tc 
match  calculated  and  measured  strains. 

A.  The  time  history  of  the  strain, 
rather  than  the  peak  strain,  is  needed  to 
make  reasonable  judgments  with  respect  to 
the  validity  of  the  data. 

5.  The  repeatability  of  the 
instrumented  core  and  H-gauges  is  good. 

6.  The  instrumented  core  gauges  are 
acceptable  for  retrofitting  purposes. 

7.  Installation  procedures  are 
critical  to  the  success  of  in-situ  strain 
measurements . 
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IOWA  DEPARTMENT  OF  TRANSPORTATION 
WEIGH-IN-MOTION 

Bill  McCall,  Director  Office  of  Transportation  Research 

Iowa  Department  of  Transportation 

The  contents  of  this  paper  reflect  the  views  of  the  author,  who  Is 
responsible  for  the  facts  and  the  accuracy  of  the  data  presented  herein. 

The  contents  do  not  necessarily  reflect  the  official  views  or  policies  of  the 
Iowa  Department  of  Transportation.  This  does  not  constitute  a  standard, 
specification  or  regulation. 


This  paper  contains  discussion  on  weigh- 
in-motion  systems.  The  definition  of 
weigh-in-motion  is  followed  by  generic 
descriptions  of  the  uses  of  weigh-in- 
motion  technology,  system  accuracy, 
factors  that  affect  system  accuracy, 
national  standards,  and  the  Iowa  and 
Minnesota  experience  with  low-cost 
automatic  weight  and  classification 
based  on  piezo  cable  technology. 

The  definition  of  weigh-in-motion  is 
"weighing  a  highway  vehicle  by 
attempting  to  approximate  the  gross 
weight  or  the  portion  of  the  weight 
carried  by  a  wheel,  an  axle,  or  a  group  of 
axles  by  measuring,  during  a  short  period 
of  time,  the  vehicle  component  of 
dynamic  force  that  is  applied  to  a 
smooth,  level  road  surface  by  the  tires  of 
the  moving  vehicle"  (1).  The  weight  of 
the  vehicle  does  not  change  when  it 
moves  over  the  road,  but  the  dynamic 
force  applied  to  the  roadway  surface  by 
a  rolling  tire  on  the  vehicle  varies 
dramatically  when  the  tire/wheel  mass 
accelerates  vertically. 

There  are  three  basic  types  of  weigh-ln- 
motion  systems.  These  are  slow  speed 
weigh-in-motion,  medium  speed  weigh- 
in- motion,  and  high  speed  welgh-in- 
motion.  Slow  speed  weigh-in- motion 
estimates  the  static  weight  of  vehicles 
moving  up  io  iO  mph,  medium  speed 
weigh-in-motion  up  to  40  mph,  and  high 
speed  weigh-in-motion  at  posted  speeds. 


Weigh-in-motion  systems  can  be  used  for 
either  law  enforcement  or  highway 
planning  and  design.  In  law  enforcement 
applications,  medium  speed  weigh-in- 
motion  systems  are  used  to  sort  legal 
trucks  from  those  that  are  not.  Those 
meeting  regulations  can  be  allowed  to 
pass  without  weighing  at  a  static  scale. 
The  Arizona  Department  of 
Transportation  is  currently  attempting  to 
develop  a  slow  speed  weigh-in-motion 
installation  that  is  capable  of  accuracies 
required  to  issue  weight  citations. 

This  paper  will  focus  primarily  on  the 
application  of  high  speed  weigh-in- 
motion  systems  to  obtain  highway 
planning  and  design  data.  In  the  past, 
heavy  vehicle  loading  data  has  been 
gathered  by  many  state  departments  of 
transportation  using  the  permanent 
enforcement  scales  and  portable  scales. 
Data  was  collected  manually  over 
relatively  short  periods  of  time  usually  in 
the  summer  months  and  on  weekdays  by 
part-time  staff.  The  manually  gathered 
data  has  some  serious  weaknesses. 
Usually,  the  data  is  collected  at  a  rather 
limited  number  of  sites  and  is  biased 
because  trucks  make  3  conscious  effort 
to  bypass  data  collection  stations.  In 
addition,  there  is  a  cost  to  the  trucking 
industry  because  of  delays  incurred  at 
weighing  locations  and  of  course  the 
associated  cost  to  departments  of 
transportation  to  staff  those  stations. 
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A  report  titled  Overweight  Trucks— The 
Violation  Adjudication  Process,  Federal 
Highway  Administration,  dated  July  1985 
pointed  out  that  "Recent  studies  suggest 
that  25-35  percent  of  large  loaded  trucks 
are  overweight.  At  some  locations,  the 
figure  may  range  as  high  as  100 
percent."  This  observation  is  based  on 
data  from  weigh-in-motion  systems. 
Further,  the  authors  of  National 
Cooperative  Highway  Research  Program 
(NCHRP)  Synthesis  131,  "Effects  of 
Permit  and  Illegal  Overloads  on 
Pavements,"  1987,  estimate  that  10  to  20 
percent  of  all  trucks  over  10,000  pounds 
are  operating  overweight  (6).  The 
authors  state  that  this  observation  is 
consistent  with  findings  of  several 
weigh-in-motion  studies.  Manually 
collected  data  reported  in  the  Iowa 
Department  of  Transportation's  1987 
Truck  Weight  Report  states  "over  1 1 
percent  of  all  trucks  weighed  were  found 
to  be  exceeding  Iowa  weight  limits." 
Weigh-in-motion  systems  gather  much 
more  representative  data  reflecting 
actual  traffic  stream  loading  than  do 
processes  using  manual  intervention. 
Weigh-in-motion  systems  can  operate 
unattended  365  days  a  year;  24  hours  a 
day  or  be  programmed  to  collect  data 
over  any  period. 

There  are  five  general  weigh-ln-motion 
technologies  currently  offered.  These 
are  bending  plate,  load  cell,  capacitive, 
bridge,  and  piezo. 

Bending  plate  technology  typically 
employs  a  high  strength  steel  plate  with 
strain  gages  mounted  on  it.  Plates 
measure  typically  4  or  6  feet  wide  by  2 
feet  long.  Two  or  three  are  mounted 
across  a  traffic  lane  normally  covering 
both  wheel  tracks.  A  light-weight  frame 
supports  the  plates  in  about  a  2  inch  deep 
pit.  The  rather  shallow  pit  depth  is  a 
factor  which  helps  keep  installation  costs 
down.  Bending  of  the  plate  under  load  as 
the  vehicle  crosses  it  is  measured  by  the 
strain  gages  located  in  the  underside  of 
the  plate.  For  environmental  protection 
the  entire  plate  is  encapsulated  in  a 
protective  covering. 

Load  cell  technology  is  usually  found  in  a 
deep  pit  system  with  two  rectangular 


weighing  platforms  measuring  about  5 
feet  by  2  feet,  resting  on  a  common 
concrete  foundation.  One  platform  is 
located  in  each  wheelpath.  Loads 
applied  to  the  platform  produce  vertical 
movement  in  the  centrally  located  oil 
filled  piston  which  acts  as  a  load  cell. 

Capacitive  technology  usually  found  in 
portable  systems  employs  sheets  of  steel 
separated  by  a  dielectric.  The  assembly 
acts  as  a  capacitor.  Compression  of  the 
capacitive  mat  under  load  produces  an 
increase  in  capacitance  which  is 
interpreted  as  a  weight  by  the  attached 
microprocessor  base  data  collection 
system.  The  capacitance  mat  is 
typically  nailed  down  to  the  road  surface 
making  a  temporary  installation. 

The  bridge  weighing  system  utilizes 
strain  transducers  bolted  to  the 
underside  of  support  beams  of  a  highway 
bridge.  Switches  are  placed  in  the  road 
in  front  of  the  bridge  for  measuring 
vehicle  speeds.  This  approach 
approximates  the  weight  of  the  truck  by 
measuring  the  structural  response,  i.e., 
bending  moment  and  calculating  the 
dynamic  weight  causing  the  moment. 


Piezo  electric  weigh-in-motion  systems 
utilize  a  physical  phenomenon  called 
"piezo  electricity."  When  a  force  is 
applied  to  certain  parallel  faces  of  sole 
crystalline  materials,  electrical  charges 
of  opposite  polarity  appear  at  the 
parallel  faces.  The  magnitude  of  the 
piezo  effect  is  dynamic,  in  that  the 
ciiarge  is  generated  only  when  the  force 
is  changed.  Therefore,  the  static  weight 
of  axles  can  be  correlated  to  the 
magnitude  of  the  output  from  the  piezo 
electric  cable.  Piezo  electric  systems 
can  be  mounted  at  the  surface  of  the 
pavement  making  the  system  permanent. 

The  technologies  described  above 
typically  utilize  state-of-the-art 
microprocessors.  The  signal  that  is 
generated  by  the  dynamic  force  applied 
to  the  transducer  mounted  on  the 
roadway  is  translated  into  weight 
predictions  by  algorithms  developed  by 
the  equipment  vendors. 
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Appendix  1  contains  a  list  of  weigh-in- 
motion  equipment  suppliers  along  with 
the  type  of  systems  provided.  In  addition 
to  axle  weights,  weigh-in-motion  systems 
typically  provide  the  time  of  vehicle 
passage,  the  number  of  vehicles  that 
have  passed  during  a  preselected  period, 
vehicle  speed,  number  of  axles,  axle 
spacings,  vehicle  type  based  on  axle 
spacings,  axle  combination  weights,  and 
gross  vehicle  weight. 

Figure  1  illustrates  the  output  from  the 
low-cost  automatic  weight  and 
classification  system  based  on  piezo 
electric  technology  that  was  evaluated  in 
the  states  of  Iowa  and  Minnesota  (2-3). 
The  header  states  that  the  data  was 
gathered  on  January  31,  1989  by  the  GK 
Instruments'  automatic  weight  and 
classification  system.  The  speed  is  in 
miles  per  hour,  the  weight  in  ten  pound 
units,  and  the  axle  spacings  in  tenths  of 
feet.  The  transducers  are  16  feet  apart, 
and  the  self-calibration  factor  is  1.24. 

Therefore,  in  Figure  1  vehicle  number 
7324  was  traveling  64  mph,  had  five 
axles,  and  was  a  class  99  vehicle  which  is 
a  five-axle  semi-truck.  Gross  weight 
was  27,090  pounds.  The  line  labeled  WT 
shows  that  the  lead  axle  weighed  7,310 
pounds,  the  first  drive  axle  6,680  pounds, 
the  second  drive  axle  4,150  pounds,  and 
the  trailer  tandem  axles  4,630  pounds 
and  4,320  pounds.  In  the  WB  wheelbase 
line,  the  distance  between  the  steering 
axle  and  the  first  drive  axle  is  12.5 
feet.  The  distance  is  4.4  feet  between 
the  drive  axles,  32  feet  between  the  last 
drive  axle  and  the  first  trailer  tandem, 
and  4.1  feet  between  trailer  tandems. 
The  last  line  shows  sum  of  tandem  axles 
at  10,830  and  8,950  pounds. 
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Figure  1 


Accuracy  of  weigh-in- motion  systems 
can  be  defined  in  terms  of  percent 
difference  and  the  variability  of  the 
percent  difference.  Percent  difference 
is  the  ratio  of  the  difference  between 
the  weigh- in- motion  and  the  static 
weight  to  the  static  weight  expressed  as 
a  percentage. 

PE>  =  Static  -  WIM  x  100 
Static 

The  average  of  the  percent  difference  is 
the  systematic  difference.  The  standard 
deviation  of  the  percent  difference, 
which  measures  the  spread  or  variation 
of  individual  measurement,  is  the  random 
difference.  The  term  difference  is  used 
in  preference  to  error  since  analysis 
suggests  much  of  the  difference  between 
static  and  dynamic  weight  is  a  result  of 
actual  dynamic  variations  between  static 
weights  and  dynamic  forces  that  occur  as 
the  vehicle  travels  the  roadway.  As 
mentioned  earlier  in  the  paper,  the 
dynamic  force  applied  to  the  roadway 
surface  by  a  rolling  tire  on  the  vehicle 
varies  dramatically  when  the  tire/wheel 
mass  accelerates  vertically.  This 


acceleration  can  be  induced  by  a  number 
of  vehicle  and  highway  factors.  Vehicle 
factors  include  vehicle  shape,  size, 
weight,  mass,  mass  moments  of  inertia, 
suspension  system,  tires,  aerodynamic 
characteristics,  speed,  and  plyload 
shifting.  Roadway  factors  include 
longitudinal  profile,  grade,  curvature, 
and  cross-slope.  All  factors  cause  the 
moving  vehicle  to  exert  a  dynamic  load 
on  the  pavement.  Previous  research  (4) 
has  pointed  out  that  heavy  vehicles  have 
a  natural  frequency  of  oscillation 
between  one-half  and  four  hertz.  In 
addition,  wheels  oscillate  at  a  frequency 
of  between  eight  and  twelve  hertz  when 
displaced  suddenly  but  the  oscillations 
are  quickly  dampened.  Further 
variations  in  dynamic  wheel  force  can  be 
caused  by  tires  that  are  not  truly  round 
or  balanced. 

Roadway  factors  can  have  a  significant 
affect  on  the  difference  between  static 
weight  and  estimates  made  by  weigh-in- 
motion  equipment.  In  a  study  of  the 
dynamic  force  applied  to  the  roadway 
surface  by  a  rolling  truck  tire  (4),  it  was 
observed  that  placing  a  sheet  of  3/8  inch 
plywood  to  create  a  "bump"  affect  in  the 
roadway  can  cause  forces  to  be  over  40 
percent  greater  than  the  static  load. 

The  difference  between  the  force  and 
the  static  load  is,  in  part,  dependent 
upon  vehicle  characteristics  and  the 
static  weight  of  the  vehicle. 

The  most  recent  research  conducted 
dealing  with  weigh-in-motlon  accuracy 
and  pavement  roughness  (5)  concluded 
that  sections  of  smooth  pavement  can  be 
shorter  for  the  approach  to  weigh-in- 
motion  scales  than  are  generally  being 
used  at  the  present  time.  The 
researchers  developed  an  empirical 
relationship  to  predict  axle  and  gross 
weighing  error  as  a  function  of  pavement 
roughness.  The  research  provides  a 
method  to  determine  the  predicted  error 
based  on  pavement  roughness  and 
provides  an  analytical  approach 
necessary  to  reduce  the  predicted  error 
to  an  acceptable  level.  A  smoothed  site 
approach  can  then  be  calculated. 

The  National  Cooperative  Highway 
Research  Program  3-39,  "Evaluation  and 
Calibration  Procedures  for  Weigh-in- 


Motion  Systems"  has  as  objectives,  to 
develop  procedures  covering  all  weigh- 
in- motion  system  applications  for 
acceptance  testing,  on-site  calibration, 
and  periodic  verification  of  system 
performance.  Acceptance  testing  is 
defined  as  a  national  type  testing 
intended  to  provide  a  rigorous  and 
definitive  assessment  of  whether  a  new 
weigh-in-motion  system  or  a 
significantly  different  model  of  an 
existing  weigh-in- motion  system  meets 
the  performance  specifications  that  had 
been  defined  for  it.  It  is  anticipated  that 
national  type  testing  will  be  normally 
carried  out  by  a  participating  laboratory 
or  some  other  suitably  equipped  and 
certified  facility. 

On-site  calibration  is  def  ;ned  as  testing 
that  will  verify  that  the  observed  level 
of  performance  on  the  actual  highway 
site  is  statistically  consistent  with  the 
national  type  testing  results.  If  the 
results  are  not  consistent  with  the 
national  type  testing  results,  the 
procedure  will  indicate  whether  the 
difference  in  results  is  due  to  the  weigh- 
in-motion  equipment,  the  condition  of 
the  approach  pavement,  the  condition  of 
the  trucks  used  in  the  test,  and  the 
installation  procedure. 

Periodic  performance  testing  will 
provide  periodic  verification  of  the 
system's  performance  under  actual  site 
conditions. 

ASTM  is  in  the  process  of  developing  a 
"Specification  for  Highway  Weigh-in- 
Motion  (WIM)  Systems  With  User 
Requirements  and  Test  Method."  The 
objective  of  the  specification  is  to 
provide  standards  and  performance 
requirements  for  automatic  weigh  and 
classification  systems.  The  specification 
will  include  highway  conditions  to  be 
provided  by  users  in  order  for  the  weigh- 
in-motion  equipment  to  meet 
performance  standards.  In  addition,  a 
test  method  for  weigh-in-motion  systems 
is  included.  The  draft  specification  is 
currently  In  the  process  of  being 
finalized. 

The  Heavy  Vehicle  Electronic  License 
Plate  Program  is  a  multi-state  project 
that  will  culminate  in  a  demonstration 
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project  using  automatic  weigh-in-motion, 
automatic  vehicle  identification, 
automatic  vehicle  classification,  and 
supporting  computer  systems  to 
facilitate  heavy  truck  movements  along 
the  West  Coast  states  stretching  from 
Washington  to  Texas. 

The  program  required  weigh-in-motion 
systems  to  be  evaluated  and  a 
specification  #or  procurement  to  be 
developed.  The  Weigh-in-Motion 
Performance  Specification 
Subcommittee  of  the  Heavy  Vehicle 
Electronic  License  Plate  Program 
contracted  with  the  Texas 
Transportation  Institute  to  conduct  the 
evaluation  and  prepare  the  performance 
specification.  System  tests  were 
conducted  in  the  states  of  Texas,  Illinois, 
Idaho  and  Oregon  on  the  Streeter 
Richardson's  portable,  PAT's  permanent, 
Streeter  Richardson's  permanent,  Golden 
River's  portable,  CMI  Dynamics' 
permanent,  and  Bridge  Weighing  Systems' 
portable  systems.  The  report  is  expected 
to  be  released  by  June  1989. 

National  Cooperative  Highway  Research 
Program  G3-36  "Development  of  a  Low- 
Cost  Bridge  Weigh-in-Motion  System" 
has  as  objectives,  to  develop  a  low-cost 
bridge  weigh-in-motion  system  capable 
of  providing  the  traffic  data  used  in 
design  and  maintenance  of  highways  and 
bridges.  The  system  shall  be  able  to 
record  gross  vehicle  weights  and  classify 
vehicles  at  a  minimum,  and  also  be  able 
to  report  individual  axle  weights  within 
the  limits  of  the  specific  bridge  and  site 
characteristics.  The  system  shall  use 
state-of-the-art  technology  and  have  a 
target  purchase  price  of  from  $5,000  to 
$10,000  per  unit,  have  a  low  life  cycle 
cost,  and  be  capable  of  interfacing  with 
automatic  vehicle  identification 
equipment  and  be  deployed  on  both 
bridges  and  large  culverts.  This  project 
is  currently  underway  and  is  scheduled  to 
be  completed  by  August  1 989. 

The  piezo  electric  phenomenon  may  be 
the  most  talked  about  technology  to  be 
used  for  weigh-in-motion.  There  are 
several  variations  of  sensor  designs.  The 
most  common,  at  this  time,  may  be  piezo 
cable. 


The  Iowa  and  Minnesota  Departments  of 
Transportations  have  evaluated  a  low- 
cost  automatic  weigh  and  classification 
system  using  piezo  electric  technology. 
The  transducer  consists  of  a  3  millimeter 
diameter  piezo  cable,  3  meters  long, 
mounted  in  a  1  inch  aluminum  channel 
and  capsulated  in  urethane  rubber.  The 
finished  assembly  is  3  meters  long  and 
has  a  RG58  feeder  cable.  The  processing 
electronics  are  housed  in  an  8  inch  x  5 
inch  x  8  inch  box.  This  system  is 
programmable  and  includes  such  factors 
as  an  initial  calibration  factor,  a  self¬ 
calibration  lead  axle  target  weight,  and 
other  parameters  for  setting  up  the 
system  such  as  site  identification,  time 
and  date,  and  transducer  spacing.  The 
system  is  capable  of  predicting  tire 
footprint  width  and  length  data. 

This  data  can  be  used  to  distinguish 
between  single  and  dual  wheel  axles  and 
possibly  predict  contact  tire  pressure. 

The  system  is  also  self-calibrating  and 
temperature  compensated.  All  output  is 
ASCII  and  RS232-C  compatible.  The 
external  data  transmission  rate  can 
either  be  300  or  1200  baud. 

The  self -calibration  feature  is  designed 
to  maintain  accuracy  between  initial 
calibration  and  periodic  system 
performance  verification.  Self- 
calibration  is  based  on  the  system 
comparing  the  mean  of  a  sample  of  five- 
axle  semi  steering  axles'  weigh-in-motion 
weight  to  an  initial  steering  axle  weight 
programmed  into  the  system  based  on 
site  specific  data.  Initial  system 
calibration  is  accomplished  using  a 
statistically  significant  sample  of 
vehicles  taken  from  the  actual  traffic 
stream. 

The  site  location  and  installation  of  the 
system  is  extremely  important.  Site 
characteristics  have  a  great  deal  of 
influence  on  the  difference  obtained 
between  static  weighings  and  weight 
predictions  made  by  weigh-in-motion 
equipment.  Site  evaluation  factors  are 
pavement  rigidity,  pavement  profile, 
surface  condition,  lane  width, 
availability  of  services,  and  highway 
maintenance  schedules.  In  Iowa,  the 
system  is  installed  in  portland  cement 
concrete  and  in  Minnesota  in  asphaltic 
cement  concrete. 
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The  piezo  cable  transducer  detects  not 
only  the  force  from  the  tires  but  also 
forces  created  by  pavement  bending. 

The  very  flexible  nature  of  asphaltic 
cement  concrete  was  observed  in  the 
waveform  output  of  the  piezo  cable 
charge  amplifiers.  At  times  the  bending 
caused  as  much  as  80  percent  of  the 
waveform  to  be  below  the  steady  state 
nonactuated  condition. 

A  Dynatest  model  8000  falling  weight 
deflectometer  was  used  to  measure  the 
flexible  character  of  the  ACC  pavement 
observed  in  the  output  waveform.  The 
load  from  the  falling  weight 
deflectometer  was  9,884  lbs.  on  the  5.91 
inch  radius  load  plate.  Pavement 
temperature  was  40of.  The  deflection  at 
the  center  of  the  applied  load  was  7.8 
mills.  This  deflection  basin  indicated 
that  the  test  section  was  quite  flexible 
and  not  typical  for  an  asphaltic  cement 
concrete  pavement. 

In  Portland  cement  concrete,  bending 
caused  the  waveform  to  fall  beneath  the 
steady  state  level  from  about  5  to  10 
percent.  A  Model  400  Roadrater  was 
used  to  measure  the  flexible  character  of 
the  PCC  pavement  observed  in  the 
output  waveform.  A  2,000  lb.  load  at  30 
hertz  was  applied.  Pavement 
temperature  was  36of.  Deflection  at  the 
center  of  the  applied  load  was  0.8  mills. 
The  deflection  basin  showed  the  Portland 
cement  concrete  section  to  be  typical  of 
a  pavement  in  good  condition  with  good 
subgrade  support.  The  significant 
bending  of  the  ACC  pavement  and  the 
resulting  recovery  seemed  to  cause 
several  problems.  The  algorithm 
developed  for  this  system  recognized  not 
only  the  waveform  from  the  piezo  cable 
as  an  axle  but  also  the  recovery  of  the 
pavement.  Experience  suggests  that  the 
algorithm  used  to  estimate  static  weight 
needs  to  be  reconsidered  to  take  into 
account  pavement  bending.  Also, 
perhaps  other  schemes  of  signal 
processing  could  be  used  that  would 
eliminate  the  unwanted  signal. 

Pavement  profile  has  a  significant 
influence  on  vehicle  dynamics  and 
resulting  accuracy.  The  smoother  the 
site  profile  and  surface  condition,  the 


less  the  difference  between  the  weigh- 
in-motion  output  and  static  weight.  The 
profile  at  the  Portland  cement  concrete 
site  located  in  Iowa  is  1.4  inches  in  each 
wheelpath  in  500  feet  preceding  the 
transducer  installation  as  measured  with 
a  25  foot  profilometer. 

The  low-cost  automatic  weigh  and 
classification  system  can  be  installed 
using  four  people,  a  pavement  saw,  a 
small  trencher,  and  the  nectary  epoxy 
and  tools.  Whether  conditions  must  be 
dry,  with  pavement  temperatures 
preferably  in  the  50  *F  to  80  »F  range,  of 
course,  the  necessary  traffic  control 
must  be  established  before  beginning  the 
installation.  Transducer  locations  are 
marked  with  a  waterproof  material.  Slot 
cutting  and  shaping  must  be  done  very 
carefully  to  ensure  that  the  transducers 
remain  flush  with  the  surface  of  the 
pavement.  The  transducers  could 
perhaps  be  placed  slightly  below  the 
surface  and  topped  with  urethane  rubber. 

Again,  system  accuracy  is  defined  in 
terms  of  percent  difference  and  the 
variability  of  the  percent  difference. 

PD  =  Static  -  WIM  x  100 
Static 

The  mean  of  the  percent  difference  is 
the  systematic  difference.  The  standard 
deviation  of  the  percent  difference  is  the 
random  difference. 

Given  the  Iowa  site  condition,  a  profile 
of  1.4  inches  in  500  feet  in  both 
wheelpaths  leading  the  transducer 
assembly  as  measured  with  a  25  foot 
profilometer,  the  low-cost  automatic 
weight  and  classification  system  seems 
to  be  capable  of  predicting  axle  weights 
and  axle  group  weights  with  an  absolute 
random  difference  of  less  than  1,200  lbs. 
for  axles  weighing  less  than  10,000.  The 
systematic  difference  is  less  than  250 
lbs.  The  random  difference  is  less  than 
12  percent  for  axles  and  axle  groups 
weighing  greater  than  10,000  lbs.  The 
systematic  difference  is  less  than  2 
percent.  A  total  of  1,951  randomly 
selected  axle  and  axle  groups  were 
compared.  Again,  based  on  the  Iowa 
case  results,  this  system  is  capable  of 
predicting  gross  vehicle  weight  with  a 
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random  difference  of  less  than  10 
percent.  The  systematic  difference  is 
less  than  1  percent.  668  randomly 
selected  trucks  were  compared  during 
the  evaluation. 

The  data  taken  at  the  asphaltic  cement 
concrete  pavement  site  resulted  in  larger 
differences  between  weigh-in-motion 
estimates  and  static  weight.  The  random 
difference  for  axles  and  axle  groups 
weighing  less  than  10,000  lbs.  is  1,420 
lbs.  The  systematic  difference  is  less 
than  130  lbs.  For  axles  weighing  more 
than  10,000  lbs.  the  random  difference  is 
less  than  17  percent.  The  systematic 
difference  is  less  than  1  percent.  672 
randomly  selected  axle  and  axle  groups 
were  compared.  The  random  difference 
is  approximately  15  percent  for  gross 
weight.  The  systematic  difference  is 
less  than  2  percent.  161  randomly 
selected  trucks  were  compared  during 
the  evaluation. 

Compensated  vehicle  classification 
accuracy  is  a  measure  of  how  well  the 
system  identifies  a  number  of  vehicles 
treated  only  as  a  group.  For  several 
classification  categories,  compensated 
accuracy  is  equal  to  one  minus  the 
summation  of  the  absolute  difference  in 
manual  and  automatic  weigh  and 
classification  class  total  for  all 
classifications  observed  divided  by  the 
overall  manual  total.  It  is  a  measure  of 
how  similar  the  manual  classification 
totals  are  to  the  system  totals.  This 
measure  of  accuracy  allows 
compensation  or  cancelling  to  occur 
between  classes  since  the  vehicles  lost 
from  one  particular  class  may  be 
compensated  or  by  those  gained  from 
another. 

The  compensated  accuracies  are  greater 
than  95  percent  in  both  Portland  cement 
concrete  and  asphaltic  cement 
concrete.  5,843  vehicles  were 
classified.  The  overall  count  accuracy  is 
greater  than  99  percent  at  both  sites. 
4,812  vehicle"  were  counted.  Time  based 
video  recording  was  used  to  support 
manual  classification. 

Data  taken  from  both  the  asphaltic 
cement  concrete  and  Portland  cement 
concrete  sites  Indicate  the  system  is 


capable  of  measuring  axle  spacing  within 
plus  or  minus  1.5  inches,  speed  within 
plus  or  minus  1/2  mph,  and  tire  length 
and  width  with  a  random  error  of 
between  1  and  2  inches.  The  population 
was  326  for  axle  spacing,  49  for  vehicle 
speed,  and  240  for  tire  width  and 
length.  Random  vehicles  were  used  to 
determine  axle  spacing  and  tire  width 
and  length  accuracy. 
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Data  Dynamics 


Weigh-in-\otion  Equipment  Suppliers 

Contact:  John  Fung 

This  listing  is  a  combination  of 

IB-5660  McAdam  Road 
Mississauga,  Ontario 

information  from  the  Heavy  Vehicle 

Canada,  L4Z1T2 

Electronic  License  Plate  Program, 

Telephone:  (416)  890-0797 

Strategic  Highway  Research  Program, 

Fax: (416) 890-6117 

and  current  vendor  data. 

Bridge  Weighing  Systems,  Inc. 

Type:  Low,  medium  and  high 

speed,  permanent,  strain 

Contact:  Richard  Snyder 

gauge  WIM  systems  medium 
and  high  speed,  permanent. 

University  Circle  Research 

piezo  electric  WIM  systems 

Center  1 

1100  Cedar 

Cleveland,  OH  44106 

Data  Instrument  AS 

(216)  229-8400 

Type:  Portable,  semi-portable  and 

Contact:  Data  Instrument  AS 

Nye  Sandviksvel  56A 

permanent  bridge  WIM 

P.0.  Box  1561 

systems 

N  -  5035  Bergen  Norway 

CMI  -  Dynamics,  Inc. 

Telephone:  International  47 

5  31  14  15 

Telex:  40941 

Contact:  Jeff  Davies 

Fax:  International  47  5  32  33 
96 

820  Lafayette  Road 

Building  1 1,  Suite  203 

Type:  High-speed,  permanent. 

Hampton,  NH  03842 

piezo  electric  WIM  system 

(603)  926-1200 

Type:  Low,  medium  and  high  speed 

EMX  Incorporated 

permanent  load  cell  WIM 

systems  High  speed. 

Contact:  Joe  Rozgonyi 

permanent  piezo  electric 

3570  Warrensville  Center 

WIM  system 

Road 

Culway 

Shaker  Heights,  Ohio  44122 
Telephone:  1216)  991-4333 
Fax: (216) 464-2980 

Contact:  Snowy  Mountains 

Type:  High  speed,  portable, 

Engineering  Corporation 

capacitance  pads  for  WIM 

P.0.  Box  356 

vendors 

Cooma  NSW  2630 

AUSTRALIA 

Telephone:  International  61- 

GK  Instruments,  Ltd. 

64-520222 

Telex:  SMEC  AA6U53 

Contact:  Geoff  Kent 

Fax:  International  61-64- 

Simpson  Road 

520400 

Fenny  Stratford 

Type:  High  speed,  portable,  strain 

Milton  Keynes,  MK1  11N 
England 

gauge  on  culvert  WIM 

Telephone:  International  44 

system 

908  75742 

Fax:  International  44  908 

640783 


15212  Race  Track  Road 
Tampa,  Florida  33626 
Telephone:  (813)  855-6556 
Fax: (813) 855-3272 

Type:  High-speed,  permanent, 

piezo  electric  WIM  system 


Low,  medium  and  high 
speed,  permanent,  bending 
plate  WIM  systems  High 
speed,  portable,  capacitance 
pad  WIM  system 


Streeter  -  Richardson 


Golden  River  Corporation 

Contact: 

Susan  Smith 

155  Wicks  Street 

Contact: 

Walter  O'Connell 

7672  Standish  Place 

Rockville,  MD  20855 

Telephone: (301) 340-6800 

Grayslake,  IL  60030 
(312) 223-4801 
(800) 323-9441 

Fax: (202)  294-0473 

Type: 

Slow,  medium  and  high 
speed,  permanent,  bending 

Type: 

High  speed,  portable, 
capacitance  pad  WIM  system 

pla'-e  WIM  systems  Medium 
speed,  portable,  capacitance 
pad  WIM  system 

International  Road  Dynam ics,  1  nc. 

Contact:  Terry  Bergan 

#  A5-1 16  103rd  Street 
Saskatoon,  Saskatchewan, 
CANADA  S7N  1Y7 
Telephone: (306)  955-3626 
"ax: (306) 373-5781 

Type:  High  speed,  permanent, 

piezo  electric  WIM  system 
Low  and  high  speed, 
permanent,  load  cell  WIM 
systems 


PAT  Equipm ent  Corporation 

Contact:  Joe  Madek 

237  Cedar  Hill  Street 
Marlboro,  MA  0175201 
Telephone:  (508)  481-1411 
Fax: (508) 481-3395 

Siegfried  Gasser 

7575  Etthngen 

Hertzstrasse  32-34 

Krlsruhe 

West  Germany 

Telephone:  International  (0 

72  43) 709-0 

Telex:  782  862  pat  d 

Fax:  International  (0  72  43) 

709-191 


Toledo  Scale 


Contact:  Systems  Divisions 

60  Collegeview  Road 
Westerville,  OH  43081 
(614) 898-5110 
(800) 523-5123 

Type:  Low  and  medium  speed  load 

cell  WIM  systems 


Trevor  Deakin  Consultants,  LTD 

Contact:  Ascot  Court,  White  Horse 

Technology  Park 
Trowbridge,  Wilts  BAM 
OXA 

Telephone:  Trowbridge 
(0225) 760099 
Telex:  449441  Gage  G 
Fax: (0225)  762751 
Cables:  Technique,  Rode, 
Bath 

Type:  High  speed,  permanent, 

piezo  electric  WIM  system 
High  speed,  permanent,  load 
cell  WIM  system  low  speed 
transportable  load  cell  WIM 
system 


Type: 


Low  speed,  portable, 
bending  plate  WIM  system 


Truveio 


REFERENCES 


Contact:  James  E.  Kelly,  P.E. 

AVIAR,  Inc. 

P.0.  Box  162184 
Austin,  TX  78716 
Telephone:  (512)  327-9439 
Fax: (512) 327-0822 

Type:  Variable  speed,  permanent 

and  portable  capacitance 
pad  WIM  systems 
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ABSTRACT 

In  the  fall  of  1988,  SHRP  developed 
and  implemented  prototype  calibration 
procedures  for  both  load  and  deflection 
measurement  devices  on  falling  weight 
def lectometers  (FWDs).  The  Indiana 
Department  of  Highways  (IDOH)  and  Purdue 
University  assisted  this  endeavor  by 
constructing  a  prototype  calibration 
station  at  the  IDOH  Research  Facility  in 
West  Lafayette,  Indiana.  This  facility 
was  then  used  to  calibrate  the  four  SHRP 
FWDs  and  the  IDOH  FWD.  The  methods  and 
equipment  used  are  suitable  for  any  FWD 
which  uses  a  geophone  for  deflection 
measurement.  Modification  of  the 
hardware  used  in  the  calibration  process 
would  be  required  to  accommodate  LVDTs. 

The  calibration  process  consists  of 
three  stages:  (1)  absolute  calibration 
of  the  load  cell;  (2)  absolute 
calibration  of  the  geophones;  and  (3) 
relative  calibration  of  the  geophones.  A 
specially  designed  load  cell  and  a 
commercial  LVDT  are  used  for  the  absolute 
calibration  of  the  load  cell  and 
geophones,  respectively.  In  the  relative 
calibration  process,  measurements  made 
with  all  of  the  geophones  stacked  in  a 
special  frame  (so  that  all  are  subjected 
to  the  same  pavement  deflection)  are 
compared,  to  ensure  that  the  FWD  is 
measuring  cons i stei.t ly  from  one  geophone 
to  the  next. 


Like  any  prototype,  the  initial  SHRP 
FWD  calibration  effort  raised  several 
questions,  and  brought  to  light  some 
problems.  However,  the  authors  believe  it 
provides  an  excel  Lent  basis  for  future 
work  in  the  area  of  FWD  calibration. 


INTRODUCTION 

The  collection  of  pavement  deflection 
data  with  falling  weight,  def  lectometers  is 
one  aspect  of  the  pavement  monitoring 
effort  being  carried  out  for  the  Long  Term 
Pavement  Performance  (LTPP)  studies  of  the 
Strategic  Highway  Research  Program.  The 
magnitude  and  importance  of  this  effort 
make  it  imperative  that  the  data 
collection  devices  be  as  accurate  and 
consistent  as  possible.  In  order  to 
ensure  the  required  accuracy  in  the  SHRP 
falling  weight  def lectometers  (FWDs),  the 
development  and  implementation  of 
calibration  procedures  for  the  FWDs  was 
undertaken  in  the  fall  of  1988.  SHRP  was 
assisted  in  this  effort  hv  the  Indiana 
Department  of  Highways  Division  of 
Research  and  Purdue  University. 

This  paper  describes  t.he  prototype 
equipment  and  methods  used  in  the  initial 
SHRP  FWD  calibration  efforts  at  the 
Indiana  Department  of  Highways  Division  of 
Research  Facility  in  West  Lafayette, 
Indiana . 


The  calibration  measurements  were  made 
under  dynamic  conditions  which  resembled 
actual  field  test  conditions  to  the 
greatest  extent  possible.  The  procedures 
and  equipment  used  are  suitable  for  use 
with  any  FWD  which  uses  a  geophone  as  the 
deflection  measurement  device. 

Calibration  of  FWDs  which  use  a  linear 
variable  differential  transducer  ( LVDT ) 
as  the  deflection  measuring  device  would 
require  slightly  different  equipment  and 
procedures . 

THE  CALIBRATION  PROCESS 

The  basic  calibration  of  the  Dynatest 
FWD  measurement  systems  is  done  bv  the 
manufacturer,  and  in  fact  cannot  be  done 
by  anyone  else.  However,  we  do  have  the 
ability  to  refine  that  calibration, 
through  the  use  of  relative  gain  factors 
in  the  data  collection  software. 

As  delivered,  the  geophones  on  the 
SHRP  FWDs  were  calibrated  by  the 
manufacturer  to  a  specified  accuracy  of 
two  percent  of  the  measured  reading,  and 
have  a  repeatability  of  plus  or  minus  two 
microns.  The  relative  gain  factors, 
which  are  simply  multipliers  for  the 
output  from  the  FWD  system  processor 
units,  are  initially  set  to  1.00,  but  can 
be  adjusted  within  the  range  0.98  to 
1.02.  The  manufacturer  indicates  that 
the  need  for  adjustments  outside  this 
range  is  indicative  of  a  damaged  sensor. 

The  calibration  process  used  by  SHRP 
consists  of  three  stages:  (l)  absolute 
calibration  of  the  FWD  load  cell;  (2) 
absolute  _alibration  of  the  geophones; 
and  (3)  relative  calibration  of  the 
geophones.  The  final  result  of  the 
process  is  a  set  of  calibration  factors 
which,  in  effect,  fine  tune  the 
calibration  of  the  FWD  measurement 
systems.  In  the  absolute  calibration  of 
the  FWD  load  cell,  an  independent 
reference  system  is  set  up  so  that  both 
load  cells  ..ceasure  the  same  applied  vorce 
under  conditions  which  approximate  actual 
field  test  conditions  as  closely  as 
possible.  The  absolute  calibration  of 
the  geophones  is  a  similar  process.  The 
net  effect  of  these  processes  is  to 
reduce  the  systematic  error  of  the 
measurements  (i.e.,  move  the  individual 
sensor  readings  closer  to  the  true 
deflection).  The  basic  assumption  is 
that  the  mean  of  a  number  of  measurements 


made  with  the  independent  reference  system 
is  a  reasonable  estimate  of  'troth'.  The 
rat  io  of  t  lie  mean  reference  measurement  to 
tlu*  mean  FWD  measurement  is  used  as  the 
new  relat  ive  gain  l  i . e .  ,  a  mult  iplier  to 
correct,  the  FWD  reading  to  match  that  of 
the  reference  measurement  svstem,’. 

Because  t  here  are  random  errors 
associated  wit  It  the  reference 
measurements,  and  because  the  number  of 
drops  used  to  establish  the  mean  reading 
for  eacli  sensor  is  relatively  small  (ten 
per  drop  height),  each  geophone  will  be 
calibrated  to  a  slightlv  different 
(random)  estimate  of  the  true  mean 
deflection.  Hence  the  geephone  reading 
distribution  for  the  different  geophones 
will  still  bo  scattered  about  t  lie  true 
deflection,  but  the  range  will  be  reduced, 
and  it  will  be  unbiased.  Note  that,  the 
mean  geophone  reading  for  each  sensor  is 
now  equal  to  t  lie  mean  reference  reading 
for  that  goophor.r. 

in  t  tie  relative  calibration  process, 
the  gain  factors  are  ad justed  further,  so 
that  all  of  the  geophones  for  the  FWD  are 
calibrated  to  the  same  estimate  of  the 
true  deflection.  This  process  is  based  on 
the  fact  that  the  overall  mean  deflection 
as  measured  simultaneously  by  seven 
geophones  which  are  all  in  absolute 
calibration  is  a  better  estimate  of  the 
true  deflection  than  an  estimate  based  on 
only  one  geophone.  The  final  adjustment 
factor  is  found  by  taking  the  ratio  of  the 
overall  mean  deflection  reading  to  the 
mean  for  each  individual  sensor.  The  new 
relative  gain  is  found  by  multiplying  the 
result  by  the  current  relative  gain  (i.e., 
that  which  was  entered  as  a  result  of 
absolute  calibration).  When  this  process 
is  completed,  it  is  expected  that  the 
means  of  a  series  of  deflection 
measurements  will  be  the  same  for  all 
geophones.  The  only  remaining  error  will 
be  the  replication  or  measurement  error. 

in.AD  CELL  CALIBRATION 

Calibrating  an  FWD  load  cell  under 
dynamic  'field'  conditions  presented  some 
interesting  challenges.  Some  of  these 
challenges  were  recognized  at  the  outset, 
and  others  were  discovered  as  the  SHRP 
calibration  work  progressed.  The  most 
obvious  problem  was  the  design  of  an 
appropriate  reference  load  measurement 


system.  The  configuration  of  the  SHRP 
failing  weight  def lectometers  (and  all 
others  manufactured  by  Dynatest)  is  such 
that  tne  upper  surface  of  the  reference 
load  measuring  system  cannot  be  more  than 
9  cm  (3.5  inches)  higher  than  the  surface 
of  the  surrounding  pavement.  This  low 
profile  could  be  achieved  by  fitting  a 
load  cell  of  greater  height  into  the 
pavement ,  but  such  an  approach  makes  the 
calibration  equipment  less  portable  than 
it  would  otherwise  be,  and  the  presence 
of  a  pavement  depression  to  hold  the  load 
cell  may  present  maintenance  and/or 
safety  hazards  when  not  in  use, 
particularly  if  the  calibration  work 
cannot,  be  done  irtdoors.  Consequently,  a 
reference  load  cell  with  total  height 
less  than  9  cm  was  selected  as  the 
preferred  alternative. 

An  additional  constraint  on  the  load 
measurement  system  is  that  its  design 
must  be  such  that  the  possibility  of 
eccentric  loadings,  which  could  result  in 
failure  of  both  the  reference  load  cell 
and  the  FWD  load  cell,  be  minimized. 

This  problem  was  avoided  by  making  the 
diameter  of  the  reference  load  cell  the 
same  as  that  of  the  FWD  load  plate  (i.e., 
30  cm),  so  that  proper  alignment  of  the 
two  systems  could  be  easily  checked. 

The  appropriate  reference  load  cell 
geometry  could  have  been  achieved  by 
using  three  commercially  available  load 
cells  sandwiched  between  two  metal  plates 
of  the  appropriate  diameter.  However, 
cost  considerations  resulted  in  the 
selection  of  a  custom  made  load  cell 
designed  to  meet  the  particular 
constraints  of  this  problem.  The 
reference  load  cell  used  in  this 
prototype  effort  consisted  of  an  aluminum 
case,  30  cm  (11.8  inches)  in  diameter, 
and  8.3  cm  (3.25  inches)  high,  with  four 
measuring  links  equally  spaced  on  a  19  cm 
(7.5  inch)  circle  (some  modifications  to 
this  design  will  be  made  for  future  SHRP 
calibration  work).  A  ribbed  rubber 
sheet,  identical  to  that  on  the  bottom  of 
the  FWD  loading  plate,  was  glued  to  the 
bottom  of  the  reference  load  cell  to 
ensure  uniform  pressure  on  the  pavement 
surface . 

In  the  initial  calibration  trials  with 
this  reference  load  cell,  it  was  found 
that  the  reference  load  cell  had  a 
tendency  to  'walk'  out  from  under  the  FWD 
loading  plate  as  the  testing  progressed, 
particularly  if  the  pavement  on  which  the 


testing  was  being  conducted  was  not 
level.  Consequently,  it  was  decided  to 
bolt  the  reference  load  cell  to  the  FWD 
loauhig  plate,  by  first  removing  the 
plastic  plate  on  the  bottom  of  the  FWD 
load  plate  assembly,  and  then  bolting  the 
reference  load  cell  in  its  place.  This 
arrangement,  which  is  illustrated  in 
figures  1  and  2,  has  proven  to  be  highly 
sat isf actory . 

For  each  of  the  five  FWDs ,  load  cell 
calibration  data  was  collected  at  four 
load  levels  (ranging  from  40  to  125  kN ) , 
with  ten  tests  at  each  level.  In 
addition,  multiple  sets  of  data  were 
obtained  for  some  or  all  load  ievels  for 
each  of  the  five  FWDs  so  that  the 
repeatability  of  the  process  could  be 
evaluated . 

The  repeatability  of  this  process  for 
individual  load  levels  is  very  good 
(difference  in  gain  adjustment  factors  for 
two  different  data  sets  at  the  same  load 
level  for  the  same  FWD  typically  0.002  or 
less).  However,  load  level  does  have  an 
impact  on  the  results,  with  the  factors 
for  the  higher  load  magnitudes 
consistently  less  than  those  for  the  lower 
drop  heights. 

The  new  relative  gain  factors 
(calibration  factors)  were  computed  by 
using  a  linear  regression  forced  through 
zero  on  data  from  all  four  drop  heights  (a 
total  of  forty  x-y  pairs).  The  fit 
obtained  in  these  regressions  was  very 
good,  with  the  coefficient  of 
determination  (R  squared)  typically  0.999, 
and  the  standard  error  of  the  regression 
coefficient  always  less  than  0.002  and 
frequently  less  than  0.001.  The  data 
available  to  evaluate  the  repeatabi 1 ity  of 
this  approach  is  more  limited  than  that 
for  individual  drop  heights,  but  it  too 
appears  to  be  highly  repeatable. 

ABSOLUTE  CALIBRATION  OF  GEOPHONES 

The  principal  problem  in  the  absolute 
calibration  of  the  deflection  measurement 
system  of  an  FWD  is  the  establishment  of  a 
reference  measurement  system  which  can 
accurately  measure  pavement  deflections 
simultaneously  with  the  FWD  measurement 
system,  under  conditions  which 


Figure  1:  The  plastic  plate  (left)  which  is  ordinarily  on 
loading  plate,  and  the  SHRP  reference  load  cell  (right), 
with  matching  ribbed  rubber  sheets. 


Figure  2:  The  SHRP  reference  load  cell  attached  to  the  bot 
plate.  A  spare  ribbed  rubber  sheet  is  in  the  foreground. 
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part  of  t ho i r  absolute  calibration 
vi'rificat  ion  device.  The  geophone  holder 
is  such  that  the  actual  mounting  of  the 
goophone  is  nearlv  identical  lo  that  used 
in  routine  FWD  test  ing).  The  I.VRT  holder 
was  mounted  on  the  end  of  a  section  of 
wide- flange  beam,  and  the  goophone  holder 
was  designed  to  rest  on  the  pavement.  An 
additional  f stature  of  the  LVDT  holder  is  a 
provision  for  the  placement  of  a  second 
geophone  on  its  top,  so  that  one  can 
verify  that  the  LVDT  housing  does  not.  move 
dm  ing  the  period  of  the  test.  The  two 
holders  are  illustrated  in  figure  3. 

One  problem  encountered  in  the  course 
of  the  SHRP  calibration  work  was  that  the 
geophone  holder  had  a  tendency  to  'scoot' 
(i.e.,  move  horizontally  from  the  initial 
position)  after  repeated  tests,  resulting 
in  invalid  deflection  measurements, 
because  the  LVDT  core  was  no  longer 
vert  ical.  The  temporary  fix  for  this 
problem  was  to  check  the  positioning  of 
the  LVDT  frequently.  An  improved  design 
will  be  used  for  any  future  SHRP 
calibration  work. 

In  order  to  ensure  that  the  LVDT 
remained  motionless  during  the  time  of  the 
testing,  the  beam  on  which  the  I VDT  bother 
was  mounted  was  attached  to  an  outside 
wall  of  the  Indiana  Department  of  Highways 
Research  Building.  The  beam,  with  the 
LVDT  and  geophone  holders,  is  shown  in 
figure  4.  The  inertial  mass  of 


approximate  iielil  test  condit  ions  as 
close lv  as  possible.  A  number  of 
different  Measurement,  devices  could  have 
been  used  tor  this  process.  SHRP  chose 
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Figure  4:  The  geoplione  calibration  beam, 
with  the  LVDT  and  geophone  holders. 


the  building  is  sufficiently  great  that 
it  is  not  affected  by  the  FWn  load  until 
after  the  peak  deflection  reading  has 
registered,  and  it  is  not  highly 
susceptible  to  motion  due  tc  wind  or 
other  factors. 

The  beam  from  which  the  LVDT  holder 
was  suspended  was  approximately  eight 
feet  long.  The  length  of  the  beam  was 
selected  by  examining  the  results  of 
deflection  tests  conducted  at  a  series  of 
points,  from  the  wall  of  the  building 
out,  to  determine  where  irregularities 
due  to  construction  debris,  etc.  ceased 
to  significantly  affect  the  deflection 
readings . 

Geophone  calibration  data  was 
collected  at  two  deflect.''  >n  levels,  for 
all  of  the  geophones  of  11  five  FViDs, 
with  the  lower  of  the  to  levels  around 
100  microns,  and  the  higher  at  about  ''*00 
microns.  Ten  sets  of  deflection  data 
were  collected  for  each  deflection  level 
in  each  trial.  In  addition,  data  was 
collected  at  deflection  levels  of 
(approximately)  175  end  250  microns  for 
one  of  the  geophones,  and  multiple  sets 
of  data  were  collected  at  the  highest 
deflection  level  for  that  same  geophone. 

As  with  the  load  cell  calibration,  the 
results  of  the  geophone  calibration  arc 
highly  repeatable  for  individual 
deflection  levels,  but  are  dependent 
deflection  magnitude.  For  the  data 
obtained,  the  variation  in  calibration 
factors  from  one  data  set  to  another  (for 
the  same  geophone  at  a  given  deflection 
level)  is  typically  0.001,  though  in  one 
instance  it  is  as  high  as  0.012  (no 
obvious  explaination  for  this  anomoly  has 
been  identified). 

Relative  gain  factors  were  computed  by 
using  a  Linear  regression  forced  through 
zero  on  the  combined  data  for  two  load 
levels  (  a  total  of  20  x-y  pairs).  The 
fit  obtained  in  these  regressions  was 
very  good,  with  the  coefficient  of 
determination  (R  squared)  typically  0.998 
or  better,  and  the  standard  error  of  the 
regression  coefficient  0.002  or  less. 

One  aspect,  of  the  SHRP  calibration 
results  which  differed  from  expectations 
was  that  the  absolute  calibration  factors 
derived  from  the  geophones  had  an  overall 
mean  of  0.99.  It  would  be  expected  that 
they  would  be  randomly  distributed  about 
a  mean  of  1.00.  One  possible 
explaination  for  this  is  that  there  are 
systematic  differences  between  the 
calibration  methods  used  by  the  FWI) 
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Figure  5:  Tin  rein!  ire  alibration  stand 
with  sensors  in  p ! a  e  tor  relative 
calihtat  ion.  Boh  Bi i ggs  (Texas  Dept  .  of 
Highways  and  Publ  h  :r  e.spert  at  ion)  is 
pointing  to  the  marked  test  point. 
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However,  the  procedure  used  by  SHRP 
differs  somewhat  from  the  procedure 
recommended  by  tile  manufacturer  [1]. 

In  the  SHRP  relative  calibration 
procedure,  the  seven  geophones  are  placed 
in  the  relative  calibration  stand.  The 
position  of  the  stand  and  the  FWD  drop 
height  are  then  adjusted  so  that  the 
deflections  registered  by  the  geophones 
are  on  the  order  of  400  microns  or  more. 
When  an  appropriate  test  point  and  drop 
height,  have  been  identified,  the  test 
point  is  marked  (by  a  small  divot,  or  a 
washer  glued  to  the  pavement),  so  that  it 
can  be  precisely  relocated.  Ten 
di'f  lection  tests  are  made,  with  the 
relative  calibrat  ion  stand  hold 
vertically,  so  that,  its  bottom  is  in  firm 
contact  with  t.he  marked  test,  point.  Then 
the  sensors  are  rotated  in  the  stand,  and 
the  testing  is  repeated,  until  all  of  the 
sensors  have  occupied  every  position  in 
the  stand.  This  will  require  a  total  of 
seven  sets  of  ten  deflection  tests. 

A  statistical  analysis  of  variance  was 
performed,  to  partition  the  variation  in 
the  deflection  readings  into  three 
sources:  (1)  position  in  the  stand;  (2) 

sensor  number;  and  (3)  random  error.  If 
the  test  is  conducted  properly,  position 
in  the  stand  will  not  be  statistically 
significant.  If  sensor  number  is  found 
t.o  be  significant,  adjustments  to  the 
relative  gain  factors  are  needed.  The 
adjustment  factor  for  the  relative  gain 
is  computed  by  dividing  the  overall  mean 
of  all  of  the  deflection  readings 
obtained  by  the  mean  for  each  individual 
sensor.  The  resulting  ratios  should  be 
in  the  range  0.98  to  1.02.  Ratios 
outside  of  that  range  are  indicative  of 
problems  (i.e.,  a  damaged  sensor,  or 
errors  in  the  calibration  testing). 

In  the  calibration  work  conducted  in 
Indiana,  the  relative  calibration  process 
was  repeated  from  three  to  twelve  times 
for  each  of  five  FWDs  (the  four  SHRP 
units  and  the  Indiana  Department  of 
Highways  FWD).  Tn  all,  twenty-nine  sets 
of  relative  calibration  data  were 
obtained,  and  analyses  of  variance  were 
completed  for  twenty  of  them.  In  the 
instance  where  twelve  sets  of  data  were 
acquired  for  one  FWD,  the  sets  consisted 
of  three  repeat  tests  at  each  of  four 
load/deflection  magnitudes. 

The  ratios  computed  from  the  relative 
calibration  test  results  were  highly 
repeatable.  Typically,  the  variat ion 


from  one  set  of  data  to  the  next  for  a 
single  FWD  was  0.001  or  less.  In 
addition,  load/de f lec t ion  magnitude  does 
not  appear  to  affect  the  relative 
calibration  ratios. 

Nineteen  of  the  twenty  analyses  of 
variance  indicated  that  the  position  in 
the  sensor  stand  was  not  a  statistically 
significant  source  of  variation  at  a 
confidence  level  of  0.05.  In  the  testing 
for  the  twentieth  set  of  data,  the 
relative  calibration  stand  was  not  held 
vertically.  The  authors  believe  this 
deviation  from  the  correct  procedure 
explains  the  difference  in  the  results. 

It.  is  worth  noting  that  this  deviation  had 
no  noticeable  effect  on  the  calibration 
ratios  computed  from  the  relative 
calibration  data. 


SUMMARY 

The  final  results  of  the  SHRP 
calibration  effort  conducted  with  the 
assistance  of  the  Indiana  Department  of 
Highways  Research  Division  and  Purdue 
University  indicated  that  the  measurement 
systems  of  the  four  SHRP  FWDs  and  the  IDOH 
FWD  were  all  within  one  percent  of  the 
reference  measurement  systems  used.  It 
should  be  noted  that  these  results  are 
applicable  to  the  conditions  at  one 
particular  place,  at  one  particular  time. 
The  effect  of  different  pavement  and 
temperature  conditions  on  the  calibration 
of  falling  weight  def lectometers  needs 
further  exploration. 

Further  work  is  needed  to  explore  the 
long  term  repeatability  of  the  calibration 
process,  and  to  refine  the  hardware  and 
procedures  used.  Ultimately  it  is  hoped 
that  this  work  will  lead  to  the 
establishment  of  FWD  calibration 
facilities  in  each  of  the  four  SHRP 
regions,  as  a  minimum. 


The  procedures  and  equipment  discussed 
herein  were  developed  and/or  selected  to 
meet  the  needs  of  the  Strategic  Highway 
Research  Program.  They  are  presented 
here  for  the  benefit  of  those  who  may 
wish  to  undertake  similar  efforts,  but  in 
no  way  constitute  a  standard  or 
specification . 
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OVERVIEW 

The  project  was  initiated  to 
achieve  two  primary  objectives  and 
several  secondary  objectives.  The 
primary  objectives  include  the 
demonstration  of  pavement 
instrumentation  Installation  techniques 
and  the  verification  of  design  procedures 
in  an  effort  to  improve  rigid  pavement 
performance  in  Iowa.  Secondary 
objectives  of  the  study  include  the 
evaluation  of  the  behavior  of  the 
pavement  in  relationship  to  the  loads 
under  various  temperature  and  moisture 
conditions  in  the  subgrade.  This  type  of 
result  is  aimed  at  improving  the  design 
of  the  subgrade,  pavement  slab,  drainage 
systems  and  the  administration  of  the 
highway  weight  embargo  legislation. 

A  forty  foot  long  section  of  twenty 
four  foot  ten  inch  wide  by  eleven  inch 
thick,  doweled  joint  reinforced 
pavement,  part  of  1-80  in  Pottawattamie 
County,  Iowa,  was  Instrumented  with 
some  120  instruments.  They  included 
weldable  strain  gages  on  selected  dowel 
bars  at  three  consecutive  joints,  and 
concrete  strain  gages  at  selected 
locations  across  the  slab  at  two  midslab 
and  two  exterior  corner  locations.  The 
strain  gages  were  installed  prior  to  the 
placement  of  the  new  eleven  inch  thick 
pavement.  The  site  also  includes  some 
sixteen  deflection  gages  at  locations 
near  the  joints  and  midslab  in  the  wheel 
path  areas. 


Metal  pipes  were  placed  under  each 
of  three  consecutive  joints  and  in  the 
two  midslab  locations,  in  the  base 
material.  Temperature  sensors  were 
placed  near  the  surface  of  the  pavement, 
at  top  of  the  variable  thickness  base 
material,  and  6  inches  into  the 
subgrade.  An  additional  single  unit  was 
placed  outside  the  slab  to  measure 
ambient  air  temperature.  Over  90%  of 
the  instruments  were  found  to  provide  a 
completed  electrical  circuit  when 
measured  after  construction  of  the 
pavement. 


CLASSIFIER  UNITS  -  PIEZO  SENSORS 

The  system  is  set  up  to  be 
triggered  by  a  weigh-in- motion  piezo¬ 
electric  arrangement  in  each  of  the 
travel  lanes.  The  collection  of  strain, 
deflection,  and  temperature  data  is 
accomplished  by  a  micro  computer 
controlled  data  acquisition  system  at  the 
site  and  transmitted  via  telephone  to  a 
central  site  for  analysis.  The  weigh-in- 
motion  site  will  provide  information  on 
axle  and  gross  weights,  axle  spacing, 
vehicle  classification,  speed  and  lateral 
location  within  each  lane.  Monthly 
moisture  and  density  measurements  of 
the  subbase  and  subgrade  are  currently 
being  performed  through  the  metal  pipes 
installed  concurrently  with  the 
instrumentation  system. 
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SITE  CHARACTERISTICS 

Factors  considered  in  selecting 

site: 

1.  The  pavement  was  being  replaced  as 
part  of  the  reconstruction  project. 
This  provides  an  opportunity  for 
good  documentation  of  the  base  and 
pavement  characteristics  of  the 
reconstruction. 

2.  The  bridge  could  be  used  as  a  weigh- 
in-motion  site  for  calibrating  the 
sensors  in  the  pavement  to  known 
loads.  It  also  could  be  used  for 
identification  of  the  lateral  location 
and  speed  of  the  vehicles  entering 
the  test  site  and  crossing  the  traffic 
loops.  Lane  changing  by  the 
vehicles  is  reduced  on  the  bridge. 

3.  This  route  provided  the  heavy  truck 
traffic  and  a  mix  of  truck 
configurations  to  adequately  test 
the  pavement  strain  theories. 

4.  The  section  is  near  the  low  point  of 
a  1,400  ft.  sag  vertical  curve 
providing  a  relatively  flat  grade 
across  the  test  site.  The  effects  of 
grade  are  minimized  in  the  test. 

5.  The  new  pavement  created  a  very 
good  chance  for  smooth  pavement 
profile  at  the  beginning  of  the  test. 

6.  A  static  weight  station  is  located 
east  of  the  site  approximately  15 
miles  on  both  the  east  and  west 
bound  lane  and  can  be  used  to  check 
the  correlation  of  weights  and 
strains.  A  continuous  traffic 
recorder  is  located  In  the  new 
pavement  approximately  one  mile 
east  of  the  site  in  the  west  bound 
lanes  that  can  provide  ADT  counts 
for  pavement  wear  calculations. 

DATA  HANDLING 

Equipment  Selection 

Original  plan  called  for  field 
units  to  have  ability  to  scan  up  to 
120  separate  gages  at  the  rate  of 
1000  times/sec. 


Major  suppliers  were 
contacted  and  discussions  were  held 
with  two  companies. 

Due  to  cost  involved,  a 
compromise  was  reached  to  limit 
the  number  of  sensors  to  less  than 
2/3  of  the  total  at  any  one  time  and 
accept  a  scan  rate  of  300-400 
times/  sec./gage. 

The  hardware  includes  two 
microprocessors  with  keyboards  and 
monitors  (field  and  office  units),  a 
data  collection  unit  with  two 
extenders,  printer,  plotter  and 
modems. 

Hewlett  Packard  equipment 
was  selected  for  the  project. 

•  Model  310  series  work  station 
for  Ames  Central  Office. 

•  Model  320  series  engineering 
work  station  for  the  field. 

•  Central  Office  microcomputer 
has  a  color  graphic  monitor, 
one  megabyte  of  RAM  and  a 
20  megabyte  hard  disk  with 
the  floppy  disk. 

•  An  8-pen  plotter  and  printer 
are  connected  to  this  unit  and 
housed  in  a  mobile  cabinet  for 
flexibility  of  use  allowing 
movement  to  various  offices. 

•  A  3600  baud  modem  is  used  for 
communication  with  field  unit. 

The  field  unit  is  equipped  with 
a  monochrome  monitor,  three 
megabytes  of  RAM,  and  40 
megabyte  hard  disk,  it  is  also 
connected  to  the  Central  Office  via 
3600  baud  modem.  Each  of  the  units 
comes  with  the  Basic  4.0  operating 
system. 

The  heart  of  the  data 
collection  system  is  HP3852A  Data 
Acquisition  and  Control  Unit  with  2 
extender  units  (3853A). 

Accessories  include  two  24- 
channel  multiplexers,  two  13-bit 
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high  speed  voltmeters,  a  5-channel 
counter  totalizer,  data  acquisition 
software  routines,  a  DC  power 
supply  and  enough  connection 
devices  to  monitor  forty  120  ohm 
strain  gages  and  eighty  350  ohm 
strain  gages  simultaneously. 


EQUIPMENT  INSTALLATION 

The  equipment  was  assembled  by 
the  research  staff  in  Ames  before 
anything  was  taken  to  the  field  to  ensure 
that  all  parts  were  compatible.  This 
proved  to  be  a  wise  move  since  several 
parts  had  to  be  exchanged  due  to 
incompatibility  including  the  plotter 
which  was  incompatible  with  the 
microprocessor. 

Assembly  in  Ames  allowed  the 
research  team  to  do  internal  testing  and 
gain  an  understanding  of  the  functions  of 
the  various  parts  of  the  equipment  and 
develop  the  necessary  programs  for  the 
operation  of  the  data  collection 
equipment. 

The  software  had  to  be  developed 
by  use  of  a  private  consultant 
experienced  in  the  use  of  this  particular 
kind  of  equipment. 

Who  will  provide  this  type  of 
service  should  be  determined  when 
purchasing  the  equipment. 


SITE  PREPARATION 

Coordination  is  the  major 
consideration  in  this  phase  of  the 
project. 

The  150  mile  distance  from  the 
central  office  added  to  the  difficulty  in 
getting  the  project  built  and 
accomplishing  the  needed  Instrument 
calibration  for  data  collection. 

Coordinating  with  the  paving 
contractor  Is  of  major  importance. 

Coordination  with  local 
maintenance  forces  also  essential  - 
Garage  and  Equipment. 


Close  coordination  with  Iowa  State 
University  (ISU)  staff  in  gage  and  site 
preparation  was  also  highly  essential. 


GAGE  INSTALLATION 

Gages  and  associated  equipment 
were  prepared  in  laboratory. 

Experienced  personnel  are  required  to 
ensure  proper  installation. 

It  is  important  that  adequate  staff 
be  provided  especially  where  installation 
takes  place  in  front  of  paver. 

An  Installation  plan  should  include 
layout  sheets  and  a  walk  through  made  in 
the  lab. 

Ensure  that  the  right  equipment 
and  materials  are  available  to  avoid 
panic  at  paving  time. 

To  prevent  the  possibility  of 
concrete  roll  pressures  in  front  of  the 
paver  from  overturning  the  bar  cages, 
some  hand  placement  was  done  by  the 
researchers. 

In  August  1987,  continuity  testing 
of  the  instruments  was  carried  out  in  the 
field. 

At  that  time,  92%  of  the  gages 
were  responding.  This,  we  felt,  was  very 
good  since  other  study  results  showed  a 
50%  failure  rate  not  uncommon. 
However,  circuit  tests  taken  In  October 
1988  indicated  an  alarming  number  of 
concrete  strain  gages  have  failed. 

We  are  fortunate  at  the  Iowa  DOT 
to  have  an  electrician  who  is 
knowledgeable  on  computer  operation, 
and  specifically,  computerized  data 
collection  hardware. 


RESEARCH  RESULTS 

The  results  to  date  illustrate  that 
pavement  instrumentation  can  be 
accomplished  with  careful  planning  and 
proper  coordination  of  the  parties 
involved. 


The  project  has  the  potential  to 
measure  deflection,  concrete  and  dowel 
bar  strain  at  successive  joints  and  relate 
this  to  the  loads  and  the 
moisture/density  changes  in  the 
pavement  subbase  and  subgrade. 

The  project  has  proceeded  at  a 
pace  less  than  expected.  Software 
development  and  the  change  in  WIM  has 
caused  delays  to  the  project. 

The  test  for  this  project  is  yet  to 
come— data  collection. 

Once  the  instruments  are 
calibrated  and  data  collection  begins,  it 
will  continue  for  2  years. 


COSTS 


Initial  funding  for  the  project: 


FHWA 

$75,000 

IHRB 

$81,000 

Budgeted  services 

DOT 

$12,400 

Additional  funding 

from  FHWA 

$38,000 

Installation  costs  were  higher  than 
expected.  ISU  costs  were  $7,500  higher 
than  estimated. 

WIM  and  vehicle  classification 
costs  increased  from  $4,500  to  $30,500. 

Power  and  telephone  supply  to  site 
was  $6,000  over  estimated  cost. 

Monthly  service  charges  were  not 
included  in  the  estimate.  These  charges 
will  be  about  $3,000  over  the  life  of  the 
project. 


INTERIM  REPORT 

A  copy  can  be  obtained  by  sending 
request  to  the  Iowa  Department  of 
Transportation,  Office  of  Transportation 
Research,  800  Lincoln  Way,  Ames,  I A 
50010. 


Session  8: 
Correlation  Between 
Field  and  Lab  Results 
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A  DIRECT  COMPARISON  OF  NONDESTRUCTIVE,  LABORATORY,  AND  IN  SITU  TESTING 


Mark  Anderson,  Ph.D.,  P.E.  and  David  A.  Timian 
Gulf  Coast  Division,  Applied  Research  Associates,  Inc. 


ABSTRACT 

A  direct  comparison  of  various  state- 
of-the-art  evaluation  techniques  has  been 
completed  on  a  full-scale  pavement  test 
facility  at  Tyndall  Air  Force  Base, 
Florida.  The  outstanding  feature  of  the 
collected  data  is  the  use  of  independent 
testing  techniques  to  obtain  comparison 
data.  These  techniques  included  non¬ 
destructive  field  testing  with  a  Falling 
Weight  Deflectometer,  in  situ  field  test¬ 
ing  with  a  seismic  cone  penetrometer,  and 
various  laboratory  tests. 

Nondestructive  testing  was  conducted 
after  construction  to  determine  backcalcu- 
lated  moduli  values.  In  addition,  an 
independent  measure  of  the  pavement  struc¬ 
tural  capability  was  achieved  by  the  use 
of  a  seismic  cone  penetrometer.  The  seis¬ 
mic  cone  penetrometer  allows  a  measure  of 
failure  properties  during  penetration,  as 
well  as  "downhole"  wave  propagation  tests. 
The  downhole  tests  included  both  compres- 
sional  and  shear  wave  velocity  tests. 
Standard  laboratory  materials  charac¬ 
terization  tests  were  completed  on  the 
pavement  system  components,  as  well  as 
more  advanced  laboratory  tests.  Moduli 
and  strength  values  from  the  nondestruc¬ 
tive,  in  situ,  and  laboratory  testing  are 
compared  and  discussed. 


KEYWORDS:  Falling  Weight  Deflectometer, 
seismic  cone  penetrometer,  in  situ  test¬ 
ing,  wave  propagation,  backcaTculation, 
layer  moduli,  shear  strength. 


BACKGROUND 

A  full-scale  pavement  test  facility 
has  been  constructed  at  Tyndall  Air  Force 
Base,  Florida.  The  test  facility  (Test 
Site  9700)  is  located  about  12  miles 
southeast  of  the  Headquarters,  Air  Force 
Engineering  and  Services  Center  (HQ/AFESC) 
and  contains  12  pavement  test  sections 
constructed  for  an  ongoing  study  of  the 
effects  of  high  pressure  aircraft  tires  on 
Air  Force  runways.  The  test  section 
described  herein  (Section  9)  consists  of 
an  existing  full -depth  Portland  cement 
concrete  (PCC)  pavement  which  was  overlain 
with  asphaltic  concrete  (AC).  Additional 
testing  was  completed  on  this  section  to 
support  an  ongoing  study  examining  struc¬ 
tural  response  models  used  for  the  back- 
calculation  of  moduli  values  from  Falling 
Weight  Deflectometer  (FWD)  tests.  The 
test  section  will  be  referred  to  herein 
simply  as  Site  9700. 


EQUIPMENT 

ARA  Seismic  Cone  Penetrometer 

Applied  Research  Associates,  Inc. 
(ARA)  has  developed  a  state-of-the-art 
seismic  cone  penetration  system.  Quasi¬ 
static  cone  penetration  testing  has  been 
used  in  Europe  for  almost  a  half  century 
to  provide  continuous  descriptions 
(profiles)  of  subsurface  conditions.  This 
method  has  only  recently  gained  acceptance 
in  the  United  States  for  geotechnical 
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explorations.  The  quasistatic  penetration 
test  measures  the  resistance  to  penetra¬ 
tion  of  a  conical  tip  and  along  a  friction 
sleeve  located  immediately  behind  the  tip. 
Penetration  results  can  be  empirically 
and/or  theoretically  related  to  material 
properties.  Recent  advances  in  hardware 
and  software  have  improved  the  amount  and 
quality  of  data  retrieved  from  a  cone 
penetration  test.  The  ARA  seismic  cone 
penetration  system  (Shinn,  et  al  1988) 
integrates  all  the  recent  advances  in  cone 
penetration  technology  into  a  single  unit. 
These  technologies  include:  a  microcom¬ 
puter  based  data  acquisition  system,  field 
repairable  electric  cone  penetrometers,  a 
large  magnitude  seismic  wave  generation 
system,  and  field  data  analysis  and  plot¬ 
ting  systems. 

A  schematic  view  of  the  ARA  electric 
cone  penetrometer  is  shown  in  Figure  1. 
The  cone  and  sleeve  dimensions  are  stan¬ 
dard  (ASTM  D  3441).  The  cone  has  a 
60  degree  point  angle,  a  base  diameter  of 
35.7  mm  (1.406  in),  and  a  projected  area 
of  10  cm2  (1.55  in2).  The  friction  sleeve 
has  outside  diameter  of  35.7  mm  (1.406  in) 
and  surface  area  of  150  cm2  (23.2  in2). 
The  electric  cone  penetrometer  includes 
two  load  cells  which  monitor  tip  load  and 
the  summation  of  the  tip  and  sleeve  loads. 
Cone  penetration  data  are  acquired  and 
recorded  digitally,  using  a  microcomputer 
based  data  acquisition  system.  Real  time 
analysis  is  utilized  for  the  conversion  of 
load  cells  outputs  to  the  recorded  digital 
values  of  tip  stress  and  sleeve  stress. 
The  typical  acquisition  rate  is  one  digi¬ 
tal  record  per  second,  resulting  in  a 
resolution  of  one  test  per  20  mm  (0.8  in) 
when  penetrating  at  the  standard  rate  of 
20  mm/s  (4  ft/min). 

The  ARA  seismic  wave  generation  system 
is  illustrated  in  Figure  2.  The  ARA 
electric  cone  penetration  system  includes 
a  triaxial  geophone  configuration,  mounted 
just  behind  the  cone  expansion  sleeve, 
which  is  used  to  monitor  the  arrival  of 
waves  generated  at  the  surface.  The  ver¬ 
tically  oriented  geophone  is  used  to 
monitor  the  arrivals  of  compressional  (P) 
waves.  The  two  horizontally  mounted 
geophones  are  used  to  monitor  the  arrivals 
of  shear  (S)  waves.  The  ARA  wave  genera¬ 
tion  system  shown  in  Figure  2  provides 
large  magnitude  seismic  waves  which  can 
improve  signal -to-noi se  ratios,  allowing 
seismic  profiling  at  great  depths  and 
through  weak  materials.  The  compressional 
waves  are  generated  by  a  1.33  kN  (0.3  kip) 


FIGURE  1.  Schematic  of  the  ARA  Electric 
Cone  Penetrometer 


FIGURE  2.  Schematic  of  the  ARA  Wave 
Generation  System 


drop  weight  system.  Energy  transfer  to 
the  system  can  be  varied  by  adjusting  the 
drop  height  of  the  weight.  The  shear 
waves  are  generated  by  a  pair  of  0.2  kN 
(40  lb)  swing  hammers,  oriented  to  provide 
shear  waves  of  reversed  polarity  for  easy 
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interpretation.  The  hammers,  which  can  be 
swung  manually  or  in  an  automated  mode, 
impact  the  front  support  pad  of  the  cone 
penetration  vehicle  to  provide  shear  waves 
of  relatively  high  energy  compared  to 
traditional  (sledge)  hammers.  The  high 
shear  wave  energy  imparted  by  the  0.2  kN 
(40  lb)  hammers  is  especially  important 
when  testing  pavement  systems,  because 
surface  roughness  may  reduce  the  coupling 
between  the  support  pad  and  the  pavement 
system.  The  ARA  seismic  wave  generation 
system  has  been  used  successfully  for 
seismic  tests  at  depths  of  46  m  (150  ft). 

The  ARA  seismic  cone  penetration  sys¬ 
tem  combines  the  advanced  capabilities  of 
electric  cone  and  seismic  testing  in  a 
heavy-duty  testing  vehicle.  The  truck  is 
weighted  in  a  balanced  configuration  with 
an  additional  58  kN  (13  kip)  of  steel  and 
a  22  kN  (5  kip)  water  tank  to  provide  an 
overall  vertical  load  (push)  capability  of 
200  kN  (45  kip).  This  configuration 
provides  the  push  capability  which  has 
allowed  ARA  to  penetrate  very  strong 
cemented  soils,  as  well  as  asphaltic  con¬ 
crete  pavements,  without  the  need  for 
drill ing  or  coring. 

AFESC/RDCP  Falling  Weight  Deflectometer 

The  Airbase  Operating  Surfaces  Branch 
of  the  Air  Force  Engineering  and  Services 
Center  (AFESC/RDCP)  maintains  a  Dynatest 
8000  Falling  Weight  Deflectometer  (FWD) 
System  for  use  in  pavements  research.  An 
illustration  of  the  AFESC/RDCP  FWD  is 
shown  in  Figure  3. 


FIGURE  3.  The  AFESC/RDCP  FWD  System 
(Dynatest  FWD  System  8000) 

The  FWD  is  an  impulsive  deflection  device 
whose  basis  is  to  lift  a  weight  to  a 
height  above  the  pavement  and  drop  it  on  a 
buffer  system  which  transfers  the  impulse 
to  a  load  plate.  Subsequent  measurements 
include  the  impulse  force  transmitted  to 
the  load  plate  and  the  peak  deflections  at 
various  radial  distances  from  the  impact 
point.  An  idealized  impulsive  deflection 
test  is  illustrated  in  Figure  4.  The 


buffer  system,  idealized  as  linear  springs 
in  Figure  4,  helps  spread  the  duration  of 
the  loading  function  to  about  31  msec. 
The  AFESC/RDCP  FWD  is  set  up  in  the  stan¬ 
dard  Air  Force  configuration  (Brown  1988), 
with  equal  sensor  spacings  of  25  mm 
(1  ft),  and  a  maximum  impulse  force  of 
about  111  kN  (25  Kip). 


FIGURE  4.  Idealized  Impulsive  Deflection 
Test  with  Typical  "Basin" 

The  envelope  of  measured  peak  deflec¬ 
tions,  shown  as  a  solid  line  in  Figure  4, 
is  typically  referred  to  as  a  deflection 
"basin".  Real  deflection  basins  change 
with  time  (Anderson  and  Drnevich  1989)  and 
are  not  truly  represented  by  the  idealized 
basin  shown  in  Figure  4.  However,  assum¬ 
ing  that  the  peak  deflections  form  a  basin 
is  a  mathematical  convenience  which 
greatly  simplifies  the  analysis  of  impul¬ 
sive  load-deflection  data.  For  the  pur¬ 
poses  of  this  paper,  the  term  basin  will 
refer  to  the  envelope  of  peak  deflections. 

AFESC/RDCP  Engineering  Laboratory 

The  AFESC/RDCP  maintains  state-of- 
the-art  engineering  research  laboratories 
for  organizing,  developing,  and  testing 
new  ideas  for  the  innovative  solution  of 
pavements  problems.  The  AFESC/RDCP 
facilities  include  an  asphalt  laboratory, 
a  concrete  laboratory,  and  a  soils 
laboratory.  The  laboratories  are  cur¬ 
rently  equipped  and  staffed  to  perform 
most  standard  pavements  and  geotechnical 
tests,  as  well  as  many  advanced  and 
experimental  tests. 


RESULTS  OF  LABORATORY  TESTING 
Asphaltic  Concrete  Testing 

The  asphaltic  concrete  overlay  was 
constructed  in  two  lifts,  each  of  which 
had  a  thickness  of  76  mm  (3  in).  Core 
samples  of  asphaltic  concrete  were  ob¬ 
tained  and  separated  by  lift.  Laboratory 
testing  included:  (1)  asphalt  content  by 
extraction  (ASTM  D  2172),  (2)  bulk  density 
(ASTM  D  2726),  (3)  theoretical  maximum 
(Rice)  density  (ASTM  D  2041),  (4)  Marshall 
stability  and  flow  (ASTM  D  1559),  (5)  and 
resilient  modulus  tests  (ASTM  D  4123). 
Table  1  summarizes  average  values  for  all 
of  the  tests  mentioned  above  except  the 
resilient  modulus  tests,  which  are  dis¬ 
played  graphically  in  Figure  5. 


TABLE  1.  Asphaltic  Concrete  Test  Results 


Laboratory 

Test 

Upper 

Lift 

Lower 

Lift 

Asphalt  Content 

6.31% 

6.47% 

Bulk  Density 

24.0  kN/m3 
(153  pcf) 

23.4  kN/m3 
(149  ccf) 

Theoretical 
Maximum  Density 

25.0  kN/mJ 
(159  pcf) 

24.8  kN/m3 
(158  pcf) 

Stabil ity 

12.7  kN 
(2850  lb) 

13.8  kN 
(3100  lb) 

Flow 

3.3  mm 
(0.13  in) 

2.8  mm 
(0.11  in) 

The  resilient  modulus  data  presented  in 
Figure  5  represents  both  test  results  and 
calculated  values.  Tests  were  performed 
at  load  frequencies  of  5  and  10  Hz,  with 
repeated  loads  applied  at  1  sec  intervals. 
The  FWD  has  a  predominate  load  frequency 
of  about  16  Hz  (Anderson  1988a).  For  com¬ 
parison  with  backcalculated  moduli  values 
based  on  FWD  tests,  a  set  of  16  Hz  data 
was  calculated  based  on  the  assumption 
that  a  standard  curve  family  could  be  fit 
to  the  data.  A  curve  family  of  the  form 
presented  by  Kingham  and  Kallas  (1972)  was 
assumed,  and  the  15  Hz  values  correspond¬ 
ing  to  the  laboratory  test  temperatures 
were  computed.  A  value  of  resilient 
modulus  at  the  time  of  the  field  testing 
was  estimated  from  Figure  5  based  on  the 
the  estimated  mean  pavement  temperature. 
Mean  pavement  temperature  was  estimated  by 
the  Kentucky  method  (Southgate  and 


Deen  1969),  using  the  measured  pavement 
surface  temperature  and  the  5-day  mean  air 
temperature,  and  was  76  degrees  Fahr¬ 
enheit.  From  Figure  5,  the  estimated 
value  of  resilient  modulus  (for  a  loading 
frequency  of  16  Hz)  was  about  500  ksi. 


TEMPERATURE,  F 


FIGURE  5.  AC  Resilient  Modulus  Results 


Portland  Cement  Concrete  Testing 

Core  samples  from  the  existing  0.3  m 
(12  in)  thick  full-depth  PCC  pavement  were 
obtained  and  tested  for  unit  weight  and 
modulus.  The  average  unit  weight  was 
17.9  kN/m3  (142  pcf ) .  The  PCC  modulus  was 
determined  by  the  use  of  a  James  V-Meter. 
The  V-Meter  has  been  shown  to  be  a  good 
indicator  of  backcalculated  PCC  moduli 
(Anderson  1988a).  Core  samples  of  51  mm 
(2  in)  diameter  were  used  to  insure  that 
the  velocity  measured  was  not  dependent  on 
Poisson's  ratio  (pure  rod  waves).  The 
average  PCC  modulus  was  41  GPa  (6.0  mil¬ 
lion  psi ) . 

Subgrade  Testing 

Samples  of  the  subgrade  (sand) 
material  were  obtained  and  tested.  Tests 
performed  on  the  subgrade  sand  included: 

(1)  moisture  content  test  (ASTM  D  2216), 

(2)  moisture-density  test  (ASTM  D  698), 

(3)  particle  size  analysis  (ASTM  D  422), 

(4)  Atterberg  limits  (ASTM  D  4318),  and 

(5)  direct  shear  tests  (ASTM  0  3080).  The 
subgrade  material  recovered  was  in  a 
relatively  dry  state.  Although  there  was 
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significant  scatter  in  natural  moisture 
content  values,  the  minimum  field  moisture 
content  was  3.5%.  The  moisture-density 
curve  is  shown  in  Figure  6.  From 
Figure  6,  the  optimum  moisture  content  is 
about  4%  and  the  maximum  dry  density  is 
about  15.4  kN/m3  (98  pcf).  The  particle 
size  distribution  is  shown  in  Figure  7. 


94  0 


</> 

2 

UJ 

Cl 

92  fi 


90  0  L  1  .  .  i.  ..  I  )  ..  J  _ 1 _ l.  . .  1.  ....  i  I 

0  0  2  0  4  0  Go  6  0  1  (;  0 

MOISMJRI.  I' ON  If  Ml  (%) 

FIGURE  6.  Moisture-Density  Curve 
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The  curve  shown  in  Figure  7  indicates  a 
poorly  graded  sand.  The  Atterberg  limits 
indicated  a  non-plastic  material.  Based 
on  these  results,  the  subgrade  material 
was  classified  by  the  Unified  Classifica¬ 
tion  System  as  soil  type  SP ,  poorly  graded 
sand.  Four  direct  shear  tests  were 
conducted,  representing  two  different 
moisture  contents  and  two  different  dry 
densities.  The  range  of  each  of  these 
variables  was  chosen  to  represent  the 
practical  limit  to  be  expected  in  the 
field.  The  moisture  contents  chosen  were 
3.5%  and  26%,  representing  the  low  value 
measured  in  the  field  and  the  estimated 
saturation  moisture  content,  respectively. 
The  dry  density  values  were  chosen  as  90 
dnJ  3C  pcf,  represent ing  the  maximum  den¬ 
sity  from  the  moisture-density  test  and 
the  minimum  expected  for  a  low  relative 
density.  There  was  little  variation  in 
friction  angle  with  either  of  these  vari¬ 
ables,  with  the  measured  range  from  about 
37  degrees  to  about  40  degrees.  Graphical 
summaries  of  the  direct  shear  tests  are 
included  in  a  following  section. 


RESULTS  OF  CONE  PENETRATION  TESTING 
Cone  Penetration  Analytical  Model 

The  shear  strength  of  a  soil  can  be 
estimated  using  seismic  cone  penetration 
data,  an  analytical  model  of  the  cone 
penetration  process,  and  empirical 
relationships  developed  for  sands.  Vesic 
(1972)  developed  the  original  analytical 
model  and  Rohani  and  Baladi  (1981)  revised 
the  model  to  include  the  shear  modulus. 
Figure  8  illustrates  the  analytical  model. 


T  I 

(b)  Stresses  on  A 

a  frustrum  I 


(c)  Cavity  expansion 
analogy 


FIGURE  7.  Particle  Size  Distribution 


FIGURE  8.  Cone  Penetration  Model 

(after  Rohani  and  Baladi  1981) 


The  model  illustrated  in  Figure  8  is  based 
upon  spherical  cavity  expansion  in  an 
elastic-plastic  media.  The  penetration  of 
the  cone  tip  into  soil  very  closely 
imitates  this  process.  Stresses  normal  to 
the  cone  are  assumed  to  be  equivalent  to 
the  internal  cavity  pressure  and  are  cal¬ 
culated  as  (Vesic  1972) : 


8y  definition,  the  tip  stress,  qc,  is 

qc  =  4F2/wD2  (4) 

Definitions  of  a,  r,  dr?,  z,  L,  and  D  are 
illustrated  in  Figure  8.  Combining  Equa¬ 
tions  1,  2,  3  and  4,  the  tip  stress  can  be 
calculated  as: 


a  =  3(g+Ccot0) 


'l+sin0' 
.3  -  s  i  n  0. 


f  G'  T 

4+sin0 

X+gtan0, 

,3(l+sin0). 

-Ccot0  (1) 


qc  =  -Ccot0+ 


'2tana(  I-t-sin0)G,n 
‘  (Dy/2)ztan 30 
f3(tana+tan0)l 
(3-sin0) 


n 


(2-m) (3-m) 


(5) 


where  a  =  internal  cavity  pressure 
C  =  cohesive  intercept 
0  =  angle  of  internal  friction 
G'  =  effective  shear  modulus 
q  =  geostatic  stress  =  yu 
7  =  soil  density 
d  =  depth  of  interest 

Shear  stresses, r,  along  the  cone  are  cal¬ 
culated  as: 


t  =  C+tan0 


The  total  force  on  the  tip,  F  ,  is: 


F 


z 


■  l 

(otana+r)27tr  dr? 
Jo 


where  a  =  cone  apex  angle 
r  =  cone  radius 
dr?  =  increment  of  depth 


(2) 


(3) 


where  D  =  (C+7(z+L)tan0)3~m-{[C+7(z+L) 

tan0+(2-m)7Ltan0] (yztan  0)2'm) 

and  m  =  (4sin0)/[3(l+sin0) ] 

For  most  granular  materials,  the  terms 
involving  cohesion  may  be  dropped  from 
Equation  5,  so  that  a  continuous  profile 
of  friction  angle,  0,  may  be  computed  by 
iterating  between  Equations  4  and  5  if  the 
shear  modulus  and  density  are  known. 

Cone  Penetration  Resistance  Results 

Figure  9  illustrates  the  results  of 
the  penetration  test  at  Site  9700.  The 
figure  includes  profiles  with  depth  of  tip 
stress,  sleeve  stress,  and  friction  ratio. 
The  friction  ratio  is  defined  as  the 
sleeve  stress  divided  by  the  tip  stress, 
usually  expressed  as  a  percentage. 


TIP  STRESS,  ksi 


0  20  40  60  80  100 

SLEEVE  STRESS,  psi 


FIGURE  9.  Penetration  Profile  Results  for  ARA  Seismic  Cone  Penetrometer,  Site  9700 
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The  penetration  profiles  shown  in  Figure  9 
indicate  significant  changes  in  subgrade 
properties  at  depths  of  about  5.2  m 
(17  ft)  and  14  m  (46  ft).  Three  major 
layers  can  be  readily  identified:  (1)  a 
stiff  upper  layer  with  tip  resistances 
ranging  from  21  MPa  (3.0  ksi)  to  52  MPa 
(7.5  ksi),  (2)  a  very  weak  layer  with  tip 
resistances  less  than  7  MPa  (1  ksi),  and 
(3)  a  stiff  lower  layer  which  for  modeling 
purposes  can  be  assumed  to  be  bedrock. 
These  major  layers  can  be  further  sub¬ 
divided  based  on  tip  stress  or  on  the 
basis  of  friction  ratio.  For  example,  a 
material  change  appears  to  occur  at  a 
depth  of  about  11  m  (35  ft),  based  on  the 
change  in  friction  ratio  from  about  1%  to 
about  3%.  Friction  ratio  has  been 
directly  correlated  with  material  type  by 
Olsen  and  Farr  (1986).  Based  on  the  fric¬ 
tion  ratio  correlations  and  knowledge  of 
the  local  geologic  history,  Site  9700  was 
characterized  for  modeling  purposes  as  a 
sand  over  a  clayey  silt  over  bedrock. 

Seismic  Testing  Results 

Seismic  data  were  obtained  at  various 
increments  of  depth  using  the  ARA  wave 
generation  system  previously  shown  in 
Figure  2.  Data  acquisition  is  triggered 
by  the  contact  of  the  hammer  with  the 
impact  plate.  Data  are  acquired  from  all 
three  geophones  to  determine  wave  arrival 
times.  The  geophone  outputs  are  amplified 
and  filtered  to  improve  the  signal -to- 
noise  ratio.  The  data  is  viewed  on  the 
microcomputer  screen  to  insure  that  an 
acceptable  signal  is  received  before 
saving  the  data  for  subsequent  plotting. 
A  series  of  seismic  tests  at  different 
depths  allows  the  determination  of  wave 
velocities  as  a  function  of  depth. 

Figure  10  shows  typical  waveform 
measurements  from  Site  9700.  The  traces 
in  Figure  10  represent  3  different  tests. 
One  test  was  used  to  measure  the  compres- 
sional  wave  arrival.  Two  separate  tests 
are  used  to  determine  the  shear  wave 
arrival.  Since  the  tests  have  reversed 
polarity,  the  determination  of  the  shear 
wave  arrival  is  relatively  easy  by  simply 
overlaying  the  two  traces  (as  shown  in 
Figure  10).  The  compress i onal  wave 
arrivals  are  often  difficult  to  determine 
and  successful  interpretation  of  compres- 
sional  wave  data  often  requires 
considerable  experience  and  engineering 
judgment. 
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FIGURE  10.  Typical  Wave  Traces  for 
Arrival  Time  Measurements 

Analysis  of  seismic  "downhole"  data 
utilizes  the  slope  distance,  or  path 
length,  which  is  known  from  the  test 
geometry  (see  Figure  2)  and  the  arrival 
times  measured  during  penetration  testing. 
For  typical  testing,  analysis  of  the  seis¬ 
mic  data  is  simplified  by  the  assumption 
that  the  wave  velocity  in  a  layer  may  be 
calculated  as  the  change  in  total  path 
length  divided  by  the  difference  in 
arrival  time.  This  is  reasonably  valid 
for  deep  layers,  but  can  lead  to  sig¬ 
nificant  errors  in  the  case  of  a  pavement 
surface  which  has  relatively  high  wave 
velocity.  For  the  testing  reported 
herein,  the  actual  path  length  was  com¬ 
puted  for  each  layer  and  previous  results 
of  wave  velocity  were  used  to  determine 
the  actual  travel  time  in  each  layer,  so 
that  the  actual  travel  time  in  the  new 
layer  was  readily  determined  as  the 
measured  arrival  time  minus  the  summation 
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of  the  calculated  travel  times  in  all  pre¬ 
vious  layers.  Figure  11  summarizes 
graphically  the  wave  velocity  profiles 
from  Site  9700. 


WAVE  VfcLOCI  ry,  leet/sec 


FIGURE  11.  Velocity  Profiles,  Site  9700 


5,  shear  moduli  determined  from  the  shear 
wave  velocity  profile  (Figure  11),  the  tip 
resistance  profile  (Figure  9),  and  assumed 
values  of  total  unit  weight  and  cohesion. 
The  unit  weight  was  assumed  to  be 
15.7  kN/m3  (100  pcf)  above  the  zone  of 
saturation  and  19.6  kN/m3  (125  pcf)  in  the 
saturation  zone.  The  subgrade  material 
was  assumed  to  be  cohesionless.  Figure  13 
compares  values  of  friction  angle  from 
cone  penetration  with  laboratory  direct 
shear  tests.  While  the  laboratory  fric¬ 
tion  angle  varied  only  from  about  37  to 
about  40  degrees,  the  profile  had  sig¬ 
nificant  variations.  High  friction  values 
could  possibly  be  due  to  a  cementing 
action  which  can  occur  as  shell  fragments 
degrade.  The  low  friction  angles  measured 
in  the  lower  layer  are  also  significant, 
since  the  material  was  assumed  cohesion¬ 
less  (indicating  an  extremely  weak  layer). 


The  wave  velocity  data  was  used  to  calcu¬ 
late  a  profile  of  Young's  modulus  versus 
depth,  which  is  presented  in  Figure  12. 
Of  particular  interest  is  the  increase  in 
compressional  wave  velocity  to  the  speed 
of  waves  in  water  at  a  depth  of  8  m 
(26  ft),  indicating  the  location  of  the 
zone  of  saturation.  Similarly,  the  dif¬ 
ferences  in  Young's  modulus  predicted  by 
the  two  methods  seem  to  indicate  a  zone  of 
partial  saturation  between  depths  of  5  m 
(17  ft)  and  8  m  (26  ft). 

Friction  Angle  Determination 


YOUNG  S  MODULUS  FROM  DOWNHOLE  TEST,  ksi 


A  profile  of  friction  angle  versus  FIGURE  12.  Modulus  Profiles,  Site  9700 
depth  was  determined  using  Equations  4  and 
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FIGURE  13.  Laboratory  Direct  Shear  Tests  Compared  with  In  Situ  Friction  Angle  Values 


RESULTS  FROM  NONDESTRUCTIVE  TESTING 

Nondestructive  testing  with  the 
AFESC/RDCP  Falling  Weight  Defl ectometer 
was  completed  immediately  prior  to  testing 
with  the  ARA  seismic  cone  penetrometer. 
Raw  data  collected  by  the  FWD  is  sum¬ 
marized  in  Table  2.  Two  drops  at  each  of 
the  four  height  settings  were  completed. 
It  is  common  to  ignore  the  first  drop  at 
any  given  drop  height.  All  of  the  drops 
are  included  herein  for  completeness,  but 
only  the  final  drop  at  the  highest  load 
setting  was  used  in  the  backcalculation. 


Sensor  Deflection,  mils 


Load  D,  D0  D,  D.  Dj.  DK  D7 

(lb)  1  2  3  4  5  6  7 


9477  2.56  1.65  1.61  1.38  1.22  0.98  0.83 
9441  2.72  1.77  1.81  1.54  1.38  1.14  0.98 
11979  3.35  2.09  2.09  1.77  1.57  1.30  1.10 
11979  3.46  2.20  2.17  1.89  1.69  1.42  1.22 
18846  5.39  3.43  3.39  2.91  2.56  2.13  1.77 
18810  5.31  3.43  3.27  2.91  2.52  2.13  1.85 
27106  7.20  4.57  4.37  3.86  3.39  2.83  2.36 
27106  7.17  4.53  4.21  3.70  3.27  2.76  2.36 


Moduli  were  backcalculated  in  the  follow¬ 
ing  ways:  (1)  a  default  three- layer  case 
was  backcalculated  using  the  program 
C0MDEF  (Anderson  1988b),  (2)  a  default 
three-layer  case  was  backcalculated  using 
the  program  BISDEF  (Bush  and  Alexander 
1985),  and  (3)  a  four-layer  case  was  back- 
calculated  with  BISDEF  with  the  upper 
three  layers  variable  and  the  lower  layer 
fixed  at  the  modulus  determined  from  the 
shear  wave  data.  In  each  of  the  default 
configurations,  the  common  assumption  of 
depth  to  bedrock  equal  to  6  m  (20  ft)  was 
used.  In  the  four  layer  case,  ground 
truth  data  were  included  from  the  cone 
penetration  tests.  The  known  thicknesses 
of  the  major  layers  were  included,  and  the 
actual  depth  to  bedrock  of  14  m  (46  ft) 
was  used.  Figures  14,  15,  and  16  sum¬ 
marize  the  results  of  the  backcalculations 
for  the  AC,  PCC,  and  upper  subgrade 
layers,  respectively,  as  well  as  com¬ 
parisons  with  other  tests.  Comparison 
data  included  the  laboratory  AC  resilient 
modulus,  the  laboratory  value  of  PCC 
modulus  from  the  V-Meter  test,  and  sub¬ 
grade  moduli  values  from  the  shear  wave 
velocity  profile.  While  all  of  the  back- 
calculated  moduli  values  would  appear 


reasonable  under  casual  inspection,  only 
the  case  which  used  ground  truth  data 
truly  matched  the  comparison  moduli 
values.  Of  particular  interest  was  the 
subgrade  modulus.  In  the  default  cases, 
C0MDEF  and  BISDEF  gave  almost  identical 
values  for  subgrade  modulus.  However, 
only  for  the  four-layer  case  which  used 
ground  truth  data  did  the  subgrade  modulus 
fall  within  the  ranges  of  the  field 
val ues . 
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FIGURE  14.  Backcalculated  AC  Moduli 
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FIGURE  15.  Backcalculated  PCC  Moduli 
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FIGURE  16.  Backcalculated  Subgrade  Moduli 
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SUMMARY  AND  CONCLUSIONS 

A  direct  comparison  of  data  from 
several  evaluation  methods  has  been 
presented.  This  data  set  will  be  helpful 
in  future  modeling  of  pavement  responses. 

Microcomputer  based  data  acquisition 
systems  have  improved  the  quality  and 
quantity  of  data  from  field  testing. 

Ground  truth  data  from  seismic  cone 
penetration  tests  greatly  improved  the 
backcalculation  of  layer  moduli  from  the 
FWD  testing.  In  situ  penetration  and  non¬ 
destructive  testing  can  be  a  useful 
combination  for  evaluation  of  pavement 
systems.  The  FWD  provides  rapid  testing 
for  routine  evaluations  and  the  penetra¬ 
tion  tests  provide  data  for  the 
calibration  of  structural  response  models. 

In  this  study,  differences  in  the 
shear  and  compressional  wave  velocity 
profiles  made  it  easy  to  locate  a  zone  of 
saturation. 

Based  on  variations  in  properties  from 
in  situ  tests  and  comparisons  with 
laboratory  data,  it  is  concluded  that 
traditional  discrete  sampling  and 
laboratory  testing  does  not  provide  a  true 
representation  of  real  pavement  systems. 
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ABSTRACT 

Resilient  moduli  for  pavements  sub¬ 
ject  to  freezing  and  thawing  can  be  ob¬ 
tained  from  laboratory  repeated  load 
triaxial  tests.  Vie  have  found  that  for 
the  frozen  condition,  the  resilient 
modulus  is  very  sensitive  to  tempera¬ 
ture  or  unfrozen  water  content.  For 
the  thawed  condition,  the  modulus  is 
primarily  dependent  upon  the  water  con¬ 
tent  or  moisture  stress. 

The  modulus  is  also  dependent  upon 
the  applied  stresses,  particularly  for 
the  newly  thawed  condition  and  the  re¬ 
covery  period  that  follows.  We  empiri¬ 
cally  relate  the  moduli  to  the  environ¬ 
mental  and  stress  conditions  using  a 
multiple  linear  regression  analysis. 
Resilient  moduli  obtained  with  this 
procedure  typically  vary  over  3  or  4 
orders  of  magnitude  for  a  complete 
freeze-thaw  cycle.  It  is  difficult  to 
obtain  meaningful  data  for  the  thawed 
condition  where  the  pore  pressure  is 
greater  than  or  equal  to  zero. 

The  empirical  equations  are  used  in 
elastic  layered  models  to  calculate 
pavement  deflections.  Comparison  with 
field  pavement  deflection  measurements 
shows  that  the  technique  is  valid. 

Good  results  are  obtained,  except  for 
the  period  during  the  spring  thaw  when 
the  soil  is  saturated  and  the  resilient 
modulus  is  ill-defined.  The  appropri¬ 


ate  values  for  the  resilient  moduli  for 
this  condition  are  currently  obtained 
by  forcing  the  calculated  and  measures 
deflections  to  agree.  This  procedure 
is  necessary  until  we  have  enough  expe¬ 
rience  for  making  predictions  of  the 
appropriate  resilient  modulus  value  for 
the  saturated  condition . 


INTRODUCTION 

Modern  pavement  design  methods  re¬ 
quire  the  use  of  some  form  of  layered 
elastic  analysis  for  predicting  pave¬ 
ment  response  to  wheel  loading.  These 
mechanistic  methods  commonly  employ  re¬ 
silient  moduli  to  characterize  the 
stress/deformation  properties  of  the 
different  layers  in  the  pavement  sys¬ 
tem.  In  seasonal  frost  regions,  the  re¬ 
silient  moduli  of  the  soil  layers  mak¬ 
ing  up  the  pavement  system  vary  greatly 
with,  season  of  the  year.  During  the 
winter  months,  the  resilient  modulus  of 
a  fine-grained  subgrade  soil  may  be  as 
great  as  10-GPa,  whereas  during  the 
spring  thaw  period,  the  resilient  modu¬ 
lus  may  fall  to  near  zero.  Prediction 
of  pavement  response  for  these  widely 
varying  conditions  requires  a  complete 
laboratory  characterizat  ion  of  the  re¬ 
silient  modulus  throughout  *  he  freeze, 
thaw  and  recovery  periods.  This  report 
presents  the  laboratory  methods  used  at 


CRREL  to  characterize  the  seasonal 
change  in  resilient  modulus.  A  method 
for  relating  the  resilient  moduli  to 
soil,  stress  and  temperature  parameters 
and  the  procedure  for  calculating  and 
validating  pavement  response  are  also 
detailed . 


BACKGROUND 

The  resilient  moduli  are  determined 
in  the  laboratory  using  the  repeated 
load  triaxial  (RLT)  test.  The  test 
cells  were  specially  designed  to  accom¬ 
modate  freezing  temperatures  and  the 
measurement  of  very  high  and  very  low 
resilient  moduli.  We  relate  the  resil¬ 
ient  moduli  to  moisture  and  density, 
applied  stress  and  temperature  condi¬ 
tions  with  empirical  equations  using 
multiple  linear  regression  techniques. 
We  use  these  equations  in  concert  with 
either  predictions  or  observations  of 
field  conditions  to  calculate  pavement 
responses  using  layered  elastic  meth¬ 
ods.  To  validate  these  procedures,  we 
compare  the  calculated  pavement  deflec¬ 
tion  basins  with  field  observations 
made  with  a  falling  weight  deflectome- 
ter.  Results  for  Scleral  different 
soils  were  reported  by  Cole  et  al. 

(1986)  . 

REPEATED  LOAD  TRIAXIAL  TEST 
Test  Equipment 

Special  triax.ial  cells  were  con¬ 
structed  to  accommodate  frozen  and 
thawed  specimens  and  the  instrumenta¬ 
tion  used  to  monitor  the  load  and  def¬ 
ormation  (Cole  et  al.  1985)  .  Cells  for 
fine-grained  samples  of  50-mm  diameter 
by  127-mm  length  and  coarse-grained 
samples  of  150-mm  diameter  by  381-mm 
length  are  shown  in  Figure  1.  Both 
cells  feature  a  base  pedestal  that  can 
be  removed  with  the  specimen  intact  in 
its  rubber  membrane  and  load  cap.  This 
facilitates  the  testing  sequence,  which 
calls  for  several  tests  on  a  given 
specimen  for  different  temperature  and 
moisture  stress  conditions.  With  this 
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load  piston  provides  t  ct'r.  a  me  as  .ror-nt 
if  the  vertical  load  or.  the  test  or e ti¬ 
me  n  and  the  feedback  signal  t the 
testing  machine.  The  load  plot :  r.  passes 
through  two  linear  bail  bushings  to 
maintain  alignment  and  minimize  ii lo¬ 
tion.  An  0— ring  seal  is  usee  to  orev-or.o 
the  escape  of  air  during  pressurizing 
of  the  ceil. 

The  axial  deformation  measuring  sys¬ 
tem  employs  four  linear  variable  dis¬ 
placement  transducers  (LVDT's)  .  The 
LVDT  cores  are  mounted  on  two  spring- 
mounted  circumferential  clamps  posi¬ 
tioned  at  the  upper  and  lower  quarter 
points  along  the  length  of  the  sample. 
To  minimize  the  amount  of  transducer 
weigh*-  supported  by  the  sample,  the 
transducer  barrels  are  mounted  on  dou¬ 
ble-hinged  arms  supported  by  vertical 
standards  fastened  to  the  cell  base. 
This  arrangement  is  especially  critical 
for  the  very  soft  condition  of  some 
specimens  immediately  after  thawing. 
Special  signal  conditioning  and  elec¬ 
tronic  circuiting  allows  the  determina¬ 
tion  of  the  average  differential  move¬ 
ment  between  the  clamps  during  loading. 
The  LVDT  transducer  setup  is  shown  in 
Figure  2 . 

The  radial  deformation  measuring 
system  employs  three  non-contacting 
displacement  transducers  (NCDTs)  equal¬ 
ly  spaced  around  the  specimen  at  mid¬ 
height.  These  devices  are  mounted  on 
standards  that  bolt  to  the  cell  floor. 
This  arrangement  further  minimizes  the 
transducer  weight  supported  by  the  test 
sample.  The  NCDTs  produce  a  DC  voltage 
output  in  linear  proportion  to  the  gap 
between  the  sensor  face  and  an  aluminum 
foi  1  target  mounted  on  the  specimen 
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c imen .  The  gap  between  the  MCDTs  and 

as  send,  ling  the  test  cell  using  micro¬ 
meter  heads  mounted  in  the  cell  wall. 
Figure  3  shows  a  detail  of  the  NCDT 
mount ing . 

Both  sizes  cf  RLT  test  cells  have 
features  that  allow  moisture  to  be  ad- 
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measured  *- o  about  -7  5  k?a.  The  larger 
RLT  test  cell  has  the  same  drainage 
prevision  built  into  the  base  pedestal 
However,  the  porous  ceramic  cup  rnateri 
al  is  too  fragile  to  place  in  the  base 
of  this  ceil.  To  avoid  breakage  with 
the  coarse  granular  materials,  the  por¬ 
ous  ceramic  cup  is  mounted  on  flexible 
tubing  and  placed  through  a  hole  in.  th 
top  load  cap. 

The  temperature  fer  the  RLT  tests  i 
•j:  r.t  rolled  in  an  environmental  chamber 
posit  i-or.ed  between  *he  cress  heads  of 
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Figure  5.  Tri axial  be 
environmental  chart, be: 


load  cell  to  the  test  specimen.  The 
load  cell  signal  is  compared  electroni¬ 
cally  with  the  generated  pulse  and  ad¬ 
justments  are  automatically  made  to  the 
servo-valve  to  maintain  the  desired 
load  pulse. 

The  outputs  of  the  load  cell  and  the 
LVDT  and  NCDT  displacement  transducers 
are  recorded  on  a  hig. .-speed  pressur- 
ized-ink  strip-chart  recorder.  This  re¬ 
cording  system  allows  us  to  view  the 
deformation  (Fig.  6)  as  it  occurs  and 
to  make  decisions  about  when  a  steady 
state  response  or  excessive  residual 
deformation  has  occurred.  We  have  also 
tried  digital  and  micro-computer  based 
recording  systems,  but  have  not  devel¬ 
oped  an  efficient  method  of  processing 
the  very  large  amount  of  information 
gathered.  Currently,  we  use  only  the 
steady-state  resilient  strain  and  the 
accompanying  residual  strain  values.  We 
determine  these  values  direct i v  from 
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Figure  6.  Typical  strip  chai 
deformation  traces. 
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Sample  Preparation 

Test  specimens  prepared  from  undis¬ 
turbed  frozen  cores  from  pavement  sec¬ 
tions  or  from  laboratory  freezing  tests 
are  preferred.  This  requirement  is  es¬ 
pecially  critical  for  fine-grained  ma¬ 
terials  where  ice  segregation  and  frost 
heave  are  significant.  Generally,  only 
the  50-miri-diameter  silt  and  clay  sam¬ 
ples  can  be  obtained  this  way.  The  di¬ 
ameter  is  machined  to  dimension  on  a 
metal-working  lathe  in  a  coldroom  to  a 
2-mm  tolerance.  The  ends  are  milled 
smooth  and  parallel  to  within  approxi¬ 
mately  ±0.1  mm.  Latex  rubber  membranes 
and  temporary  end  caps  are  placed  on 
the  prepared  samples  to  protect  from 
sublimation  during  storage. 

The  coarser  grained  larger  diameter 
samples  are  compacted  to  field  density 
in  a  special  steel  mold  to  the  required 
length  and  diameter.  These  samples  are 
soaked  with  water  for  24  hours  and  fro¬ 
zen  with  water  freely  available  at  the 
base.  The  preferred  rate  of  freezing  is 
2  5  mm/' day.  Rubber  membranes  and  stacked 
plexiglass  rings  provide  lateral  con¬ 


finement  (but  do  not  restrict  vertical 
frost  heave)  during  freezing.  The  ends 
are  made  flat  and  parallel  with  a  spe¬ 
cial  end  capping  procedure. 

Test  Procedures 

a.  Sample  mounting  and  conditioning 

The  test  samples  are  mounted  on  the 
specimen  pedestals  while  frozen.  A  spe¬ 
cial  flat  pedestal,  without  the  drain¬ 
age  disk  and  the  porous  cup,  but  with  a 
temperature  sensor,  is  used  for  the  50- 
mm  frozen  samples.  The  aluminum  foil 
targets  are  placed  between  the  two  rub¬ 
ber  membranes  used  to  protect  the  test 
specimen.  They  can  be  seer:  in  Figures  1 
and  2.  The  clamps  holding  the  LVDT 
cores  are  mounted  on  the  specimen  and 
the  barrels  put  in  place  (Figure  2) . 

The  Multi-VIT  transducers  are  posi¬ 
tioned  and  the  sensor  lea  is  connected 
to  bulk  head  connecters  in  the  base  of 
the  test  ceil.  The  cell  is  :  hen  care¬ 
fully  closed  and  the  go?.*  on  lowered  to 
allow  the  load  cell  bu"  t  .  .-.  t  cent  act  a 
recess  in  the  spec :  nx  u  oar .  All  of  this 
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assembly  is  done  in  a  coldroom  to  en¬ 
sure  that  the  sample  does  not  thaw  dur¬ 
ing  assembly.  Fully  assembled  RLT  test 
cells  are  shown  for  both  sample  sizes 
in  Figure  1.  The  entire  test  assembly 
is  then  placed  in  a  coldroom  at  the 
lowest  specified  test  temperature  for 
2  4  hours.  At  least  one  hour  before 
testing  begins,  the  assembly  is  trans¬ 
ferred  to  the  environmental  chamber  in 
the  test  machine  and  the  sensor  leads 
are  connected  to  the  recording  instru¬ 
ments.  The  mechanical iy  refrigerated 
test  v..naitu^a*.  marshal  ns  temperature 

to  within  +  0.1  °C  of  the  set  value. 
Testing  proceeds  to  warmer  tempera¬ 
tures,  allowing  24  hours  for  equilibri¬ 
um  each  time.  After  a  50-mm-diameter 
specimen  has  been  tested  for  ail  speci¬ 
fied  temperatures  in  the  frozen  state, 
it  is  removed  from  the  special  tempera¬ 
ture  pedestal,  a  hole  is  bored  to  ac¬ 
commodate  the  porous  cup,  and  it  is 
mounted  on  the  standard  base. 

The  samples  are  thawed  at  room  tem¬ 
perature  on  their  pedestals  with  a 
small  weight  placed  on  the  top  cap  and 
a  slight  vacuum  (-1  to  -2  kPa)  placed 
on  the  drainage  line.  This  procedure 
ensures  that  the  sample  does  not  neck 
due  to  three-dimensional  thaw  consoli¬ 
dation.  The  base  pedestal  is  next 
rriounted  in  the  base  cell  plate,  the 
displacement  transducers  are  positioned 
and  the  cell  closed.  Connections  are 
then  made  for  the  displacement  trans¬ 
ducers  and  the  cell  pressure  and  drain¬ 
age  lines. 


b.  Applied  load  waveform 

The  test  procedure  allows  for  the 
application  of  a  repeated  load  pulse 
that  simulates  the  loading  conditions 
associated  with  a  field  loading  device. 
The  waveforms  for  repeated  load  plate 
bearing  (RPB)  and  falling  weight  de- 
fiectometer  (FWD)  field-test-loading 
devices  that  we  have  used  are  shown  in 
Figure  7.  We  have  found  no  difference 
in  response  to  these  two  waveforms. 
Currently,  although  we  are  using  only 
the  FWD  in  one  rield,  we  specify  tne 
RPB  load  pulse  for  the  repeated  load 
triaxial  tests  because  it  is  easier  to 
record  this  pulse  on  the  strip  chart 
recorder.  This  pulse  is  on  approximate¬ 
ly  1  second  and  off  2  seconds. 

c.  Testing  sequence 

Once  mounted  and  instrumented,  the 
specimen  is  tested  in  the  closed-loop, 
electro-hydraulic  testing  machine  ac¬ 
cording  to  the  test  sequence  given  in 
the  table  on  the  next  page. 

The  test  starts  with  a  frozen  sample 
under  a  confining  pressure  of  69  kPa 
and  the  lowest  temperature  required. 
Generally,  we  use  -10  °C  as  the  lowest 
temperature.  Site  conditions  may  dic¬ 
tate  a  lower  (or  higher)  starting  tem¬ 
perature.  We  then  apply  200  cycles  of 
the  lowest  cyclic  axial  stress  (69  kPa) 
and  observe  the  resilient  axial  defor¬ 
mation.  If  steady-state  response  is 
achieved  prior  to  200  cycles,  the  load- 


Figure  7.  Waveforms  of  Che  repeated  plate  bearing  (RPB) 
apparatus  and  falling  weight  deflectometer  (FWD) . 


Test  plan  for  repeated  load  triaxial  tests . 


State 

Moisture 

Confining 

Temperature 

Cyclic  deviator 

Stress 

stress,  l// 

stress,  <Jj 

T 

stress,  Od 

ratio 

(kPa) 

(kPa) 

(°C) 

(kPa) 

(O  !>/<?:,) 

FROZEN 

NA 

b9 . 0 

-10  to  -2 

34.5  to  827.0 

1.5  to  13 

THAWED 

0  to  -75 

6.9 

22 

3.5  to  13.8 

1.5  to  3 

0  to  -75 

13.8 

22 

6.9  to  27.6 

1.5  to  3 

0  to  -75 

27 . 6 

22 

13.8  to  55.2 

1.5  to  3 

0  to  -75 

69.0 

22 

34.5  to  138.0 

1.5  to  3 

ing  is  stopped  and  the  next  level  of 
axial  stress  is  applied.  Generally,  we 
use  a  maximum  axial  deviator  stress  of 
827  kPa.  This  procedure  is  repeated  un¬ 
til  the  highest  deviator  stress  level 
is  reached.  The  test  specimen  is  then 
removed  from  its  pedestal  and  placed  in 
the  cold  room  to  condition  for  24  hours 
at  the  next  highest  temperature.  Usual¬ 
ly,  a  batch  of  samples  are  tested  at 
the  same  temperature  to  save  time.  We 
repeat  this  axial  stress  sequence  for 
all  temperature  levels  up  to  about  -2 
° C .  At  temperatures  closer  to  the  melt¬ 
ing  point,  large  deformations  associat¬ 
ed  with  progressive  melting  of  ice 
cause  problems  with  the  alignment  and 
stability  of  the  deformation  sensors. 

The  frozen  test  sample  is  removed 
from  the  RLT  cell  on  its  test  pedestal 
and  allowed  to  thaw  with  a  small  dead 
load  applied  to  its  cap  and  a  small 
vacuum  applied  to  its  base  as  previous¬ 
ly  described.  Once  the  specimen  has 
completely  thawed  and  come  to  equilib¬ 
rium  with  the  applied  stresses,  we  re¬ 
assemble  the  test  cell  and  proceed  to 
conduct  the  RLT  test  according  to  the 
sequence  shown  in  the  test  plan  table. 
We  start  with  a  moisture  tension  value 
of  just  below  0  kPa  and  a  confining 
pressure  of  6.9  kPa  and  proceed  to  ap¬ 
ply  repeated’ axial  stresses  at  stress 
ratio  levels  of  1.5,  2,  2.5  and  3.  If 
the  residual  strain  exceeds  4  %,  we 
terminate  this  stress  ratio  sequence, 
go  to  the  next  confining  pressure  level 
and  repeat  the  stress  ratio  sequence. 

We  continue  this  procedure  until  all 
confining  stress  levels  up  to  69  kPa 
have  been  used.  If  the  total  residual 
strain  exceeds  20  %  or  the  test  speci¬ 


men  is  otherwise  badly  deformed,  we  re¬ 
move  the  test  specimen  and  start  with  a 
new  sample.  Once  the  highest  confining 
pressure  (69  kPa)  and  highest  stress 
ratio  series  is  completed,  the  test 
specimen  is  removed  from  the  RLT  test 
cell  on  its  pedestal.  We  then  apply  a 
vacuum  to  its  base  and  allow  the  mois¬ 
ture  to  come  to  equilibrium  to  the  next 
specified  moisture  tension  level.  This 
process  usually  requires  several  hours 
or  in  some  cases  a  day  or  more.  To  make 
efficient  use  of  time  and  the  test 
equipment,  we  test  other  samples  at 
different  stress  levels  or  at  the  same 
stress  levels  for  replication.  Usually, 
there  are  several  thawed  test  specimens 
conditioning  for  moisture  tension  at 
the  same  time.  The  test  sequence  is 
continued  until  all  moisture  tension 
levels  have  been  included.  If  we  know 
the  moisture  tension  levels  that  occur 
in  the  field,  then  we  use  the  field 
levels  to  bound  the  laboratory  test 
values.  Otherwise,  we  generally  use 
four  moisture  tension  \\i  values  of  about 
0,  25,  50  and  75  kPa  in  the  test  se¬ 
quence  on  fine-grained  material .  Values 
of  for  coarser-grained  materials  are 
scaled  down  as  required. 

d.  Test  specimen  analysis 

After  testing  is  completed,  we  de¬ 
termine  the  water  content  and  density 
of  the  test  sample.  We  then  back  calcu¬ 
late  the  moisture  and  density  for  each 
moisture  tension  level  using  observa¬ 
tions  made  during  the  test  series.  The 
original  weights  and  measures  also  al¬ 
low  the  calculation  of  the  initial 
moisture  and  density  conditions. 
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e.  Data  reduction 


water  content  wu  in  %  by  weight  is  re¬ 
lated  to  temperature  with  the  following 


For  each  set  of  applied  deviator  and 
confining  stress  conditions  we  calcu¬ 
late  a  resilient  modulus  and  a  resil¬ 
ient  Poisson's  ratio.  The  resilient 
modulus  is  determined  by  dividing  the 
applied  deviator  stress  by  the  recover¬ 
able  steady-state  axial  strain.  The  re¬ 
silient  Poisson's  ratio  is  calculated 
by  dividing  the  recoverable  radial 
strain  by  the  recoverable  axial  strain. 
We  tabulate  the  calculated  resilient 
moduli  and  resilient  Poisson's  ratios 
along  with  the  applied  stress,  tempera¬ 
ture,  moisture  stress,  moisture  content 
and  density  values  and  enter  them  in  a 
computer  file. 


DATA  ANALYSIS 
Resilient  Modulus 

We  perform  multiple  linear  regres¬ 
sion  analyses  on  the  test  data  to  ob¬ 
tain  working  relationships  between  the 
resilient  modulus  and  sample  and  stress 
conditions.  We  have  found  that  the  fro¬ 
zen  resilient  modulus  is  stress  inde¬ 
pendent  for  the  range  of  stress  of  in¬ 
terest,  whereas  the  thawed  resilient 
modulus  is  very  stress  dependent.  We 
have  thus  developed  two  separate  ex¬ 
pressions  for  modeling  the  resilient 
moduli . 

a.  Frozen  condition. 

The  frozen  resilient  modulus  can  be 
expressed  either  directly  in  terms  of 
temperature  or  in  terms  of  unfrozen  wa¬ 
ter  content.  Generally,  a  second  order 
expression  using  temperature  T  in  °C  is 
sufficient  to  express  the  resilient 
modulus  Mr ,  e . g . : 

Mr  =  e<a  +  bT  +  ct2> 

where  a,  b  and  c  are  regression  coeffi¬ 
cients.  However,  we  also  developed  a 
simpler  expression  based  on  unfrozen 
water  content,  which  is  a  function  of 
soil  type  and  temperature.  The  unfrozen 


function : 

where  T0  is  a  reference  temperature  of 
1  °C  and  a  and  p  are  constants  deter¬ 
mined  from  a  linear  regression  analysis 
on  the  unfrozen  water  content  vs  tem¬ 
perature  data  obtained  from  a  laborato¬ 
ry  test.  This  allows  the  use  of  the 
following  relationship: 

Mr  =  A  (wu/wt )  B 

where  wt  is  the  total  water  content  and 
A  and  B  are  the  regression  coeffi¬ 
cients  . 

b.  Thawed  or  recovered  condition. 

We  model  the  thawed  and  recovering 
stress-dependent  resilient  moduli  using 
the  nonlinear  equation  form  given  in  eq 
3: 


Mr  =  Kx  [f  (a)  ]  K2 

where  f (a)  is  the  stress  function,  Kx 
is  a  constant  dependent  upon  moisture 
tension  and  sometimes  dry  density  and 
K2  is  a  soil-dependent  parameter  sta¬ 
tistically  independent  of  the  moisture 
tension  or  density.  To  normalize  the 
moisture  tension  function  for  the  re¬ 
gression  analysis,  we  use  the  function 
f  (V)  : 

fW  -  -(1°1-36---V)  ■ 

Vo 


The  value  101.36  represents  atmospheric 
pressure  in  kPa,  \{A  is  moisture  tension 
in  kPa  (expressed  as  a  positive  num¬ 
ber)  .  The  dry  density  function  is  sim¬ 
ply  the  ratio  of  the  dry  density  of  the 

f  (Y  d>  =  ^ 

Yo 

soil  yd  to  unit  density  y0: 
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Resilient  Modulus  (MPa) 


kx  =  c0[t<v)]ci  =  [f(yd]c2 

where  C0,  Cx  and  C2  are  determined  from 
the  regression  analysis. 

For  the  stress  function,  we  try  ei¬ 
ther  the  first  stress  invariant  JL : 

fx  (O)  =  Jl  =  Oj  +  2ad 

or  the  ratio  of  the  second  stress  in¬ 
variant  J2  to  the  octahedral  shear 
stress  Toct .  The  latter  stress  function 
is  calculated  from  the  confining  stress 
O3  and  the  deviator  stress  <Jd  using  the 
following  formula: 


9  a  ,+  6  c,  o 


oct 


3  ud 


The  use  of  Ja  is  traditional  in  such 
analysis.  The  use  of  'T2/Toct,  while 
somewhat  unorthodox,  has  proven  valua¬ 
ble  since  it  reflects  the  tendency  of 
the  resilient  modulus  to  increase  with 
confining  stress  and  to  decrease  with 


principal  stress  ratio.  Analysis  made 
with  this  parameter  results  in  a  single 
curve  in  the  resilient  modulus  versus 
stress  function  plane  (Fig.  8) .  Analy¬ 
ses  made  with  Jj  usually  result  in  a 
series  of  curves  (Fig.  8)  in  the  resil¬ 
ient  modulus  vs  stress  function  plane, 
each  curve  representing  a  different 
stress  ratio  for  granular  soils. 

The  calculated  functions  are  placed 
in  a  data  file  to  prepare  for  the  line¬ 
ar  regression  analysis.  The  equations 
are  linearized  by  taking  the  log  of 
both  sides.  We  currently  conduct  this 
analysis  on  PC  type  microcomputers.  We 
set  a  confidence  level  of  95%  and  ob¬ 
serve  the  coefficient  of  determination 
(correlation  coefficient  squared) ,  the 
standard  error  and  the  regression  coef¬ 
ficients.  We  choose  the  form  of  the 
equations  that  has  the  best  fit  for  use 
in  calculating  pavement  system  response 
to  loading.  Figure  9  shows  how  the  re¬ 
silient  modulus  for  the  frozen  condi¬ 
tion  varies  with  temperature  for  sever¬ 
al  different  soil  types.  Figure  10 


.  Stress  Function  (KPa) 
oct 


Figure  8.  Example  of  the  resil¬ 
ient  modulus  vs  the  two  stress 
functions . 
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Figure  9.  Resilient  modulus 
vs  temperature  for  several 
test  soils. 


Figure  10.  Example  of  the  K1  vs  moisture  ten¬ 
sion  for  several  test  soils  for  the  J2/*oct 
stress  function . 


shows  an  example  of  the  moisture  ten¬ 
sion  dependency  and  Figure  8  the  stress 
dependency  of  the  resilient  modulus  for 
a  thawed  soil . 

Resilient  Poisson's  Ratio 

The  measurement  system  described 
earlier  allowed  us  to  calculate  Pois¬ 
son's  ratio  directly.  We  performed  re¬ 
gression  analyses  similar  to  those  done 
for  the  resilient  modulus  in  an  effort 
to  relate  resilient  Poisson's  ratio  to 
the  pertinent  variables.  However,  we 
did  not  find  any  significant  relation¬ 
ships.  Correlation  coefficients  have 
not  exceeded  0.4  (versus  0.8  to  0.98 
for  the  resilient  modulus  relation¬ 
ships)  and  in  many  cases  were  very  near 
zero.  Consequently,  no  stress-  or  mois¬ 
ture-tension-dependent  model  for  Pois¬ 
son' s  ratio  has  emerged  from  our  analy¬ 
ses.  We,  therefore,  use  average  values 
for  each  soil  and  frozen  or  thawed 
state . 


PAVEMENT  RESPONSE  CALCULATIONS 

The  pavement  response  to  loading  is 
determined  from  an  elastic  layered  com¬ 
puter  model.  For  the  nonlinear  case  of 
thawed  soils,  we  have  used  the  code 
NELAPAV  (Irwin  and  Speck,  1986)  .  The 
soil  temperature,  moisture  stress  and 
dry  density  data  can  be  obtained  from 
field  measurements  or  from  model  calcu¬ 
lations.  The  example  illustrated  here 
used  the  output  of  the  FROST1  (Guymon 
et  al.,  in  press)  frost-heave  thaw- 
consolidation  model  developed  at  CRREL. 
Details  of  these  calculations  are  in  a 
report  by  Chamberlain  et  al.  (in  prep) . 
The  analysis  requires  temperature, 
moisture  stress  and  dry  density  data 
for  each  unique  layer  in  the  pavement 
system.  Layers  are  defined  both  by 
changes  in  material  type  and  changes  in 
temperature  and  moisture  stress  within 
each  layer.  Limits  are  assigned  to  how 
large  the  moisture  tension  or  tempera¬ 
ture  differences  can  be  within  a  layer 
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Figure  11.  Example  of  a  comparison 
of  calculated  and  measured  deflec¬ 
tion  basins . 


before  it  is  divided  into  sub-layers.  flectometer  for  the  same  test  and  raate- 

The  transition  between  frozen  and  rial  conditions  is  also  shown  for  corn- 

thawed  material  always  defines  a  sub-  parison  purposes.  The  good  correlation 

layer  boundary.  We  developed  a  computer  between  the  observed  and  calculated 

code  called  TRANSFORM  (Chamberlain  et  values  supports  the  validity  of  the  la- 

al.,  in  prep.)  to  make  these  calcula-  boratory  test  and  analysis  procedures, 

tions  rapidly  from  the  output  files  of 
FR0ST1.  The  TRANSFORM  program  also  re¬ 
quires  that  the  input  control  parame-  DISCUSSION 

ters  for  NELAPAV  be  included.  The  re¬ 
sulting  files  allow  deflections,  The  importance  of  using  the  proce- 

stresses  and  strains  to  be  calculated  dures  outlined  in  this  report  to  deter- 

using  NELAPAV  for  particular  soil  and  mine  the  resilient  moduli  of  soils  in 

stress  conditions.  Figure  11  shows  a  pavements  subjected  to  freezing  and 

pavement  deflection  basin  calculated  thawing  is  illustrated  in  Figure  12. 

with  this  procedure.  A  deflection  basin  This  figure  shows  that  the  magnitude  of 
measured  with  the  falling  weight  de-  pavement  deflection  is  highly  dependent 


ELAPSEO  TIME  (days) 


on  the  time  of  the  year  in  seasonal 
frost  regions.  The  solid  line  was  de¬ 
termined  using  the  laboratory  proce¬ 
dures  and  the  triangular  points  repre¬ 
sent  plate  deflection  data  taken  with 
the  FWD  for  an  applied  stress  of  280 
kPa.  During  the  winter  period  the  pave¬ 
ment  section  is  very  stiff  and  the  de¬ 
flections  are  very  much  smaller  than 
during  the  summer  months.  There  are  a 
couple  of  periods  accountable  tc  brief 
January  and  February  thaws  where  the 
deflection  increases  sharply.  However, 
these  perturbations  are  dwarfed  by  the 
extremely  large  deflections  that  occur 
during  the  spring  thaw  period. 

There  is  very  good  agreement  between 
the  laboratory  and  field  data.  This 
agreement  is  generally  uncompromised  by 
adjusting  or  "calibrating  factors." 
There  is  one  case,  however,  where  ad¬ 
justments  must  be  made.  That  is  for  the 
case  where  the  soil  moisture  develops 
positive  pore  pressures  during  thawing 
because  the  soil  becomes  saturated  with 
water.  It  is  technically  very  difficult 
to  make  laboratory  measurements  of  the 
resilient  modulus  of  saturated  soils 
because  they  become  very  weak  and  dif¬ 
ficult  to  handle  and  instrument.  We 
place  the  slight  vacuum  on  the  soil 
moisture  during  thawing  in  order  to 
avoid  this  condition. 

Apart  from  the  difficulty  of  testing 
saturated  soil,  there  is  considerable 
uncertainty  about  how  the  results  would 
relate  to  field  conditions.  In  thawing 
pavements  the  exact  degree  or  satura¬ 
tion  and  the  confinement  of  the  soil 
moisture  during  loading  are  indetermi¬ 
nate.  Saturation  is  seldom  complete  be¬ 
cause  of  entrapped  air  in  the  melt  wa¬ 
ter.  This  water  is  trapped  between  the 
pavement  layer,  the  frozen  soil  layer 
and  finer  grained  soils  at  the  edge  of 
the  pavement .  The  system  responds  to 
loading  something  like  a  saturated 
sponge  with  some  lateral  confinement. 
This  condition  precludes  any  clear  link 
between  laboratory  and  field  conditions 
for  the  "nearly"  saturated  case.  To 
circumvent  this  difficulty,  we  reduce 
the  resilient  modulus  of  all  saturated 


layers  by  a  constant  factor  to  force 
the  calculated  deflections  to  agree 
with  the  observations.  The  same  modify¬ 
ing  factor  is  used  for  all  saturated 
cases  once  the  appropriate  value  is  de¬ 
termined.  Presently  we  need  to  continue 
this  practice  until  we  gain  enough  ex¬ 
perience  to  select  the  proper  correc¬ 
tion  factor  or  until  we  are  able  to 
make  the  appropriate  laboratory  meas¬ 
urements  . 


CONCLUSIONS 

The  laboratory  testing  methods  and 
data  analysis  procedures  detailed  in 
this  report  allow  the  determination  of 
the  resilient  response  of  soil  and 
granular  materials  used  in  pavement 
systems  throughout  a  freeze,  thaw  and 
recovery  cycle.  The  resilient  modulus 
in  the  frozen  state  is  strongly  related 
to  temperature  or  unfrozen  water  con¬ 
tent.  The  applied  stresses  become  im¬ 
portant  factors  once  ice  melting  is 
significant.  Soil  moisture  tension  is 
the  appropriate  factor  for  monitoring 
the  thawed  and  recovery  phases.  Most 
soils  that  we  have  tested  exhibit  large 
increases  in  resilient  moduli  after 
freezing  and  very  large  decreases  after 
thawing.  Recovery  to  normal  period  re¬ 
silient  moduli  gradually  occurs  as 
moisture  drains  from  the  pavement  sys¬ 
tem  and  moisture  tensions  increase. 
These  seasonally  varying  resilient  mod¬ 
uli  can  be  determined  using  special  re¬ 
peated  load  triaxial  test  procedures 
and  the  resulting  moduli  can  be  related 
to  temperature,  moisture  tension  and 
dry  density  using  multiple  linear  re¬ 
gression  techniques.  An  elastic  layered 
model  can  then  be  used  to  calculate 
pavement  deflection,  as  well  as  stress¬ 
es  and  strains  within  the  pavement  sys¬ 
tem. 

The  resilient  Poisson's  ratio  can 
also  be  determined  with  the  RLT  test. 
However,  it  appears  to  be  solely  depen¬ 
dent  on  the  frozen  or  thawed  state  and 
independent  of  soil  moisture  tension  or 
stress  conditions. 
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The  largest  Coast  Guard  Air  Station 
in  the  U.S.  is  at  Kodiak  Airport,  Alaska. 
The  mission  of  the  Air  Station  is  to 
patrol  the  outer  continental  shelf  fish¬ 
ing  grounds  and  support  search  and  rescue 
operations.  Runway  18/36  at  Kodiak  Air¬ 
port  is  utilized  primarily  for  the  Coast 
Guard  operations. 

A  visual  condition  survey  of  Runway 
18/36  was  conducted  in  March  1988.  Dur¬ 
ing  the  survey  it  was  noted  that  the 
pavement  surface  is  ravelling  and  poorly 
bonded  in  many  areas  and  represents  a 
serious  maintenance  and,  possibly,  a 
serious  safety  problem.  Further,  drain¬ 
age  is  poor  and  often  nonexistent  over 
many  sections  of  the  runway.  A  cost 
effective  solution  to  these  problems  will 
be  to  remove  the  old  asphalt  concrete 
(AC)  pavement  and  overlay  the  underlying 
Portland  cement  concrete  (PCC)  pavement. 

To  assess  the  condition  of  the  ex¬ 
isting  PCC,  a  falling  weight  deflectom- 
eter  (FWD)  survey  was  conducted  in  Octo¬ 
ber  1988.  Moduli  for  the  existing  AC, 
PCC,  and  subgrade  were  backcalculated 
using  two  programs,  ELMOD  and  BOUSDEF.  A 
comparison  was  made  between  backcalcu¬ 
lated  moduli  and  laboratory  moduli  of  AC 
and  PCC  samples  obtained  in  a  limited 
field  coring  program. 

Backcalculated  PCC  moduli  from  ELMOD 
were  used  to  design  the  overlay  thick¬ 
ness.  The  required  AC  overlay  thickness 
appears  to  be  more  sensitive  to  the 
fatigue  failure  criteria  used  for  the  PCC 
(in  the  mechanistic  design  approach)  than 
the  method  (i.e.,  program)  used  to  back- 


calculate  the  PCC  moduli  from  the  FWD 
survey  results. 

INTRODUCTION 

The  U.S.  Coast  Guard  utilizes  Kodiak 
Airport  to  support  the  largest  operating 
base  in  Alaska  and  the  largest  Coast 
Guard  Air  Station  in  the  United  States. 
The  mission  of  the  air  station  is  to 
patrol  the  outer  continental  shelf  fish¬ 
ing  grounds  and  support  Search  and  Rescue 
(SAR)  Operations. 

Air  Station  Kodiak  is  located  ap¬ 
proximately  four  miles  southwest  of  the 
city  of  Kodiak  on  615  acres  initially 
developed  by  the  U.S.  Navy  during  World 
War  II  and  now  owned  by  the  Coast  Guard 
(re.  Figure  1).  The  airport  runways  and 
terminal  area  were  leased  to  the  State  of 
Alaska  in  1972.  The  Coast  Guard  main¬ 
tains  their  own  operational  area  adjacent 
to  the  airport  which  includes  Taxiway  A 
and  Parking  Aprons  1,  2,  and  3. 

Runway  18/36  is  150  ft  wide  and 
5,011  ft  long.  It  is  an  asphaltic  con¬ 
crete  secondary  runway  which  intersects 
with  runways  7/25  and  10/28.  Runway 
18/36  is  vital  for  Coast  Guard  opera¬ 
tions.  C-130  aircraft  utilize  this  run¬ 
way  for  SAR  operations  when  response  time 
is  critical.  H-3  helicopters  use  runway 
18/36  almost  exclusively  for  SAR  launches 
and  other  missions.  This  runway  is  used 
for  training  by  all  of  the  Coast  Guard 
aircraft.  This  use  reduces  the  amount  of 
traffic  on  Runway  7/25,  the  primary  run- 
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VICINITY  MAP  LOCATION  MAP 

_ 1*=  1  MILE _ N.T.S. _ 

Figure  1.  Vicinity  and  Location  Maps,  Coast  Guard  Air  Station,  Kodiak,  Alaska 


way,  making  7/25  more  accessible  to  other 
aircraft.  Runway  18/36  is  also  prefera¬ 
ble  as  a  cross  wind  runway  when  high 
winds  are  from  the  north  or  south. 

At  the  present  time  the  pavement 
surface  of  Runway  18/36  is  ravelling  and 
poorly  bonded  in  many  areas.  Drainage  is 
also  exceptionally  poor  in  many  areas. 

In  recognition  of  this  situation,  the 
Coast  Guard  retained  R  and  M  Consultants, 
Inc.,  of  Anchorage,  Alaska,  to  design  an 
overlay  for  the  runway.  A  component  of 
this  work  was  the  use  of  a  Dynatest  Fall¬ 
ing  Weight  Def lectometer  to  determine  in 
situ  moduli  for  the  existing  pavement 
structure  materials,  and  the  subsequent 
use  of  these  moduli  in  a  mechanistic 
approach  to  asphalt  overlay  thickness 
design.  The  results  from  this  component 
of  the  work  are  reported  herein. 

PAVEMENT  CONDITION  SURVEY 

Pavement  Structural  Section  for  Runway 
18/36 

Runway  18/36  is  an  old  pavement 
structure  consisting  of  approximately  4 
in.  of  asphalt  concrete  (AC)  over  approx¬ 
imately  6  in.  of  portland  cement  concrete 


(PCC) .  The  actual  thickness  of  the  AC 
varies  from  3  to  7  in.  and  the  PCC  from  4 
to  8  in.  The  construction  history  for 
the  runway  is  not  known  at  this  time. 

The  PCC  is  underlain  by  a  silty-sandy 
gravel.  This  is  most  likely  a  fill  mate¬ 
rial.  Based  on  gradations  for  samples 
taken  by  the  Alaska  Department  of  Trans¬ 
portation  (ADOT)  in  a  1982  field  explora¬ 
tion  program,  the  gravel  fraction  ranges 
from  28  to  64% ,  sand  from  18  to  48%,  and 
silt  (and  clay)  from  10  to  24%.  The 
average  values  of  the  fractions,  based  on 
nine  gradation  tests,  are  50%  gravel,  33% 
sand,  and  17%  silt  (and  clay).  The  ma¬ 
jority  of  the  samples  taken  had  a  frost 
susceptibility  classification  of  F2 . 

Under  the  same  field  exploration  program, 
asphalt  contents  were  determined  for  23 
cores.  The  asphalt  contents  ranged  from 
4.9  to  7.5%,  with  an  average  value  of 
5.9%. 

Qualitative  Survey 

A  preliminary  pavement  condition 
survey  was  conducted  on  March  17,  1988. 
The  pavement  structure  evaluation  was 
based  on  visual  observation  of  the  pave¬ 
ment  surface  and,  as  such,  was  entirely 
qualitative.  The  observations  were 
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hampered  by  inclement  weather  including 
high  winds  and  rain.  The  rain  provided 
an  opportunity  to  observe  drainage  from 
the  paved  areas . 

The  present  pavement  condition  of 
Runway  18/36  represents  a  serious  mainte¬ 
nance  and,  possibly,  a  serious  safety 
problem.  The  pavement  is  in  an  advanced 
state  of  deterioration,  particularly  over 
the  south  half  of  the  runway.  The  dete¬ 
rioration  may  be  the  result  of  (1)  the 
pavement  age  and  oxidation  of  the 
asphalt,  (2)  the  pavement  age  and  an 
accumulation  of  the  effects  of  freeze- 
thaw  cycling,  (3)  stripping  of  the  as¬ 
phalt  cement  from  the  aggregate,  (4) 
weathering  and  breakdown  of  the  aggregate 
in  the  mix,  and  (5)  lack  of  compaction 
during  original  construction  and/or  other 
construction  control  problems. 

Drainage  from  the  pavement  is  very 
poor,  if  it  exists  at  all.  This  is  not 
just  a  consequence  of  problems  with  the 
cross-slope  of  the  runway;  it  is  also  a 
result  of  areas  of  severe  deterioration 
and  loss  of  the  pavement  that  have  re¬ 
sulted  in  birdbaths  ranging  in  size  from 
one  yd2  to  several  tens  of  yd2.  The 
large  birdbaths  may  also  be  associated 
with  fill  settlement. 

Asphalt  (AC)  and  Portland  Cement  Concrete 
(PCC)  Coring  Program 

Thirty  AC  cores  were  obtained  along 
Runway  18/36  on  June  9,  1988.  In  addi¬ 
tion  to  these,  41  cores  were  obtained  by 
ADOT  in  1982  as  part  of  a  program  to 
evaluate  the  pavement,  base,  and  subgrade 
conditions  on  the  runway.  A  summary  of 
core  thicknesses  from  these  programs  is 
given  in  Figure  2.  During  the  June  1988 
coring  program  the  bonding  of  the  AC  to 
the  PCC  was  noted  and  the  degree  of  sur¬ 
face  ravelling  was  assessed.  The  results 
from  this  effort  are  presented  in  Figures 
3  and  4 . 

Ravelling  is  the  progressive  separa¬ 
tion  of  the  aggregate  particles  in  a 
pavement  from  the  surface  downward  or 
from  the  edges  inward.  This  erosion 
results  in  a  rough,  pock-marked  pavement 
surface  which  can  greatly  reduce  traction 
and  drainage,  both  detrimental  to  use  and 
safety  of  the  pavement.  Ravelling  is 
caused  by  conditions  such  as  lack  of  com¬ 
paction  during  construction,  construction 
during  wet  or  cold  weather,  dirty  or  dis¬ 
integrating  aggregate,  a  lean  asphalt 
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RUNWAY  18/36  STATIONING 


a)  Results  from  1982  ADOT  and  June  1988  R  &  M  Field  Program 


RUNWAY  18/36  STATIONING 
b)  Delineation  Units 


Figure  2.  Summary  of  AC  Core  Thickness 

mix,  or  overheating  of  the  asphalt  hot- 
mix  . 

Based  on  Figure  3,  approximately  30% 
of  the  runway  surface  area  (excluding  the 
intersections  with  10/28  and  7/25)  is 
very  ravelled  and  55%  is  moderately  to 
slightly  ravelled.  Note  that  most  of  the 
very  ravelled  surfaces  occur  at  both  ends 
of  the  runway. 

An  examination  of  several  cores  from 
the  June  1988  program  indicated  that  th<- 
top  lift  of  AC  pavement  has  a  low  den¬ 
sity.  This  low  density  surface  lift  is 
probably  due  to  under-compaction  or  con¬ 
struction  during  wet  and  cold  conditions. 
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Figure  3.  Ravelling  Condition  Survey  for  Runway  18/36 


JO 


Figure  A.  AC  to  PCC  Bonding  Condition  Survey  for  Runway  18/36 


The  lateral  extent  of  the  low  density 
surface  closely  matches  the  ravelled 
areas  mapped  on  Figure  3.  Further,  the 
asphalt  cement  in  the  top  lift  appeared 
to  be  oxidized,  possib’y  due  to  weather¬ 
ing  or  overheating  during  original  pro¬ 
duction. 

The  AC  pavement  was  placed  directly 
on  top  of  the  PCC  (original  surface) 
along  the  entire  runway  except  for  the 
short  section  (approximately  500  ft) 
north  of  the  intersection  with  7/25. 

This  short  north  section  includes  a 
crushed  aggregate  base  between  the  AC 


pavement  and  PCC.  The  condition  of  the 
bond  between  the  AC  and  the  PCC  was  eval¬ 
uated  by  inspection  of  the  pavement  cores 
and  holes. 

Based  on  Figure  A,  it  may  be  noted 
that  approximately  30%  of  the  runway 
surface  area  (excluding  the  intersections 
with  10/28  and  7/25,  and  runway  18/36 
north  of  7/25)  may  not  be  bonded,  20%  may 
be  only  poorly  bonded,  and  about  50%  may 
be  well  bonded  to  the  underlying  PCC. 
These  percentages  are  purely  estimates, 
based  on  a  visual  inspection  of  a  limited 
number  of  cores. 
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FALLING  WEIGHT  DEFLECTOMETER  (FWD) 
DEFLECTION  SURVEY 

During  the  .period  October  26-28, 

1988 ,  a  FWD  survey  was  conducted  on  Run¬ 
way  18/36.  Specifically,  pavement  condi¬ 
tions  were  evaluated  at  146  locations  on 
Runway  18/36.  Forty-six  locations  were 
evaluated  at  100-ft  spacing  on  center- 
line,  50  locations  were  evaluated  at  100- 
ft  spacing  7  ft  left  of  centerline,  and 
50  locations  were  evaluated  at  core 
sample  locations  25  ft  right  and  left  of 
centerline.  Overall,  comprehensive  cov¬ 
erage  of  the  runway  was  achieved. 

The  deflection  survey  was  conducted 
with  a  Dynatest  Model  8000  FWD.  The 
deflection  gages  were  spaced  at  0,  12, 

18,  32,  47,  63,  and  78  in.  from  the  cen¬ 
ter  of  the  falling  weight.  Load  levels 
of  approximately  14,000,  20,000,  and 
24,000  lbs  were  used  in  the  survey  and 
the  24,000-lb  level  was  repeated. 

ANALYSIS  OF  DEFLECTION  DATA 

The  deflection  data  obtained  in  the 
survey  were  analyzed  using  the  following 
steps:  (1)  delineation  of  pavement  anal¬ 

ysis  units,  and  (2)  backcalculation  of 
pavement  structure  layer  moduli. 


The  stationing  and  AC  thicknesses  for  the 
pavement  analysis  units  are  presented  in 
Table  1.  The  PCC  was  assumed  to  have  a 
uniform  thickness  of  6.1  in.  based  on  a 
limited  field  coring  program  conducted  in 
October  1988. 


Table  1.  Delineation  of  Pavement 
Analysis  Units 


Delineation 

Unit 

Station 

Number 

AC 

(Surface) 
Thickness 
(in.  ) 

1 

10+00  -  17+00 

3.7 

2 

17+00  -  31+00 

3.3 

3 

31+00  -  37+00 

3.7 

4 

37+00  -  45+00 

4.7 

5 

45+00  -  50+00 

4.0 

6 

50+00  -  54+00 

5.5 

Note:  PCC  thickness  (base  layer) 

is  6.1  in.  for  the  entire 
length  of  the  runway. 


Delineation  of  Pavement  Analysis  Units 

Runway  18/36  has  a  length  of  approx¬ 
imately  5,000  ft.  It  is  necessary  to 
delineate  the  pavement  into  several  anal¬ 
ysis  units  so  that  variation  of  pavement 
response  and  structure  properties  for 
each  analysis  unit  may  be  individually 
considered . 

Two  possibilities  exist  to  delineate 
the  pavement  analysis  unit.  First,  the 
pavement  condition  survey  could  be  used, 
focusing  on  a  qualitative  assessment  of 
the  combined  significance  of  surface 
ravelling  and  AC-PCC  bonding  to  the  FWD 
deflection  survey  results.  Second,  pave¬ 
ment  sections  could  be  delineated  based 
on  the  average  thickness  of  the  AC  sur¬ 
face  layer.  Rwebangira  et  al.  (1987) 
established  that  values  of  moduli  back- 
calculated  from  FWD  deflection  surveys 
are  sensitive  to  layer  thickness  and 
depth  to  the  stiff  layer.  Therefore,  the 
latter  approach  was  adopted. 

Considering  the  results  presented  in 
Figure  2,  it  appears  most  appropriate  to 
delineate  six  units  for  Runway  18/36. 


Backcalculation  of  Pavement  Structure 
Layer  Moduli 

Two  backcalculation  programs,  ELMOD 
and  BOUSDEF,  were  used  to  determine  the 
moduli  values  for  the  AC,  PCC,  and  sub¬ 
grade  . 

ELMOD  Program.  ELMOD,  or  Evaluation 
of  Layer  Moduli  and  Overlay  Design  is  a 
proprietary  program  of  Dynatest  Consult¬ 
ing,  Inc,,  Ojai,  California.  In  this 
program  the  method  of  equivalent  thick¬ 
ness  is  used  together  with  Boussinesq's 
theory  to  calculate  the  layer  moduli  of  a 
pavement  structure  using  load  deflection 
data  generated  by  an  FWD  (Ullidtz  and 
Stubstad,  1986).  A  maximum  of  four 
layers  can  be  used  and  the  program  will 
allow  consideration  of  non-linear  sub¬ 
grade  response . 

Table  2  summarizes  the  backcalcula¬ 
tion  results  for  the  six  delineation 
units  using  the  ELMOD  program.  For  the 
ELMOD  backcalculation  the  modulus  of  the 
AC  layer  was  estimated  to  be  800  ksi  for 


.3.38 


Table  2 .  Summary  of  Backcalculation 
Results  from  ELMOD 


Table  3.  Summary  of  Backcalculation 
Results  from  BOUSDEF 


Delineation 

Unit 

AC 

(Surface) 

Modulus 

(ksi) 

PCC 

(Base) 

Modulus 

(ksi) 

Subgrade 

Modulus 

(ksi) 

1 

560 

1700 

27 

(170)* 

(630) 

(7) 

2 

260 

1390 

30 

(140) 

(330) 

(7) 

3 

320 

2220 

32 

(200) 

(770) 

(2) 

4 

590 

2620 

38 

(60) 

(900) 

(9) 

5 

560 

1740 

32 

(70) 

(500) 

(3) 

6 

510 

3470 

36 

(190) 

(820) 

(3) 

Delineation 

Unit 

AC 

(Surface) 

Modulus 

(ksi) 

PCC 

(Base) 

Modulus 

(ksi) 

Subgrade 

Modulus 

(ksi) 

1 

— 

800 

3010 

22 

(970)* 

(6) 

2 

800 

2240 

22 

(1520) 

(6) 

3 

800 

3540 

22 

(1290) 

(2) 

4 

800 

3240 

33 

(900) 

(6) 

5 

800 

2460 

26 

(620) 

(4) 

6 

800 

2750 

30 

(580) 

.  .. 

(2) 

*Standard  Deviation  ^Standard  Deviation 


the  survey  temperature  of  45” F.  A  reduc¬ 
tion  of  the  modulus  for  the  AC  would  give 
an  increase  in  the  modulus  for  the  PCC. 


BOUSDEF  Program.  BOUSDEF  is  a  back- 
calculation  program  developed  at  Oregon 
State  University  (Zhou,  et  al . ,  1988). 

The  program  determines  modulus  values  for 
each  pavement  layer  from  deflection  basin 
data  using  the  method  of  equivalent 
thicknesses  and  Boussinesq's  theory.  The 
program  is  capable  of  handling  n-layers; 
it  treats  all  layers  as  linear  elastic 
materials.  While  the  theoretical  basis 
is  similar  to  ELMOD,  the  program  logic  is 
the  same  as  the  logic  for  BISDEF  (Bush, 
1980). 

Table  3  summarizes  the  backcalcula¬ 
tion  results  from  the  BOUSDEF  program  for 
the  pavement  sections.  The  subgrade 
modulus  was  estimated  using  the  AASHTO 
Guide  equation  (AASHTO,  1986)  which  has 
the  form 

Esg  ■  pV<Tdr>  (1) 

in  which 


E 

sg 


in  situ  modulus  of  elasticity 
of  the  subgrade,  psi; 


P  -  dynamic  load  of  the  NDT 
device,  lbs; 

d  -  measured  NDT  deflection  at  a 
radial  distance  of  r  from  the 
NDT  plate  load  center,  mils; 

7  -  radial  distance  from  plate 

load  center  to  point  of  dr 
measurement,  inches;  and 

S^  -  the  subgrade  modulus  predic¬ 
tion  factor  (for  subgrade 
with  n  -  0. 35,  Sf  -  0.293)  . 

Comparison  of  Backcalculated  Resilient 
Modulus 

Figure  5  presents  comparisons  of 
backcalculated  resilient  moduli  using 
ELMOD  and  BOUSDEF.  For  both  AC  and  PCC 
layers,  BOUSDEF  gave  lower  moduli  than 
ELMOD  in  most  cases,  while  for  the  sub¬ 
grade,  resilient  moduli  obtained  from 
ELMOD  are  lower  than  those  calculated 
using  the  AASHTO  equation. 

Both  deflection  survey  data  and  the 
pavement  condition  survey  (re.  Figures  3 
and  4)  indicate  that  there  should  be  sig¬ 
nificant  variations  in  AC  moduli  along 
the  runway.  Severe  ravelling  and  low 
density  asphalt  concrete  could  be  found 
in  many  sections  of  the  runway.  These 
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Subgrade  Modulus  (ksi)  Backcalculated  PCC  Modulus  (ksi)  Backcalculated  AC  Modulus  (ksi) 
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Figure  5.  AC,  PCC,  and  Subgrade  Moduli 
Backcalculated  with  ELMOD  and 
BOUSDEF 


variations  are  not  reflected  in  the  ELMOD 
results.  In  this  regard,  the  results 
from  BOUSDEF  appear  to  better  reflect  the 
actual  surface  condition  of  the  runway. 

Table  4  presents  resilient  moduli  of 
AC  and  PCC  field  cores  extracted  at  the 
time  of  the  deflection  survey.  The  re¬ 
silient  moduli  were  determined  in  the 
laboratory  following  ASTM  D-4123.  The 
laboratory  AC  moduli  are  greater  than  the 
moduli  backcalculated  with  BOUSDEF  and 
are  close  to  those  assumed  for  the  ELMOD 


backcalculation .  The  laboratory  PCC 
moduli  are  approximately  twice  those 
backcalculated  with  both  ELMOD  and 
BOUSDEF.  The  laboratory  moduli  should  be 
greater  than  the  moduli  backcalculated  in 
the  field  owing  to  the  fact  that  intact 
cores  are  tested  in  the  laboratory  where¬ 
as  moduli  backcalculated  in  the  field 
reflect  cracks  in  the  slab,  proximity  to 
a  joint,  and  joint  transfer  (all  of  which 
would  tend  to  reduce  the  modulus). 

The  results  from  the  PCC  layer  from 
BOUSDEF  appear  to  be  low,  while  the  re¬ 
sults  from  ELMOD  appear  to  be  more  rea¬ 
sonable  . 


OVERLAY  DESIGN  RECOMMENDATIONS 

Based  on  the  March  1988  pavement 
inspection  and  evaluation,  as  well  as  the 
June  1988  coring  project,  the  asphalt 
pavement  structure  of  Runway  18/36  should 
be  completely  removed  to  expose  the  un¬ 
derlying  PCC  prior  to  construction  of  a 
new  AC  overlay.  The  present  pavement 
conditio- ,  presents  a  serious  maintenance 
and,  possibly,  a  serious  safety  problem. 
Both  the  surface  of  the  AC  and  the  bond 
with  the  PCC  are  in  advanced  stages  of 
deterioration.  Drainage,  which  was  mini¬ 
mal  by  original  design  (due  to  limited 
cross  slope) ,  is  greatly  restricted  by 
th°  ravelled  surface  over  most  of  the 
pavement  area. 

The  estimates  of  removed  pavement 
quantities  will  be  affected  by  the  appar¬ 
ent  deterioration  of  the  top  of  the  PCC. 
As  previously  discussed,  approximately 
50Z  of  the  existing  AC  overlay  appears  to 
be  well  bonded  to  the  PCC.  However,  the 
cores  also  indicated  the  top  of  the  PCC 
may  be  weathered  and  ravelling  at  several 
locations.  During  AC  pavement  removal, 
some  quantity  of  PCC  may  also  be  picked 
up  with  the  AC  for  disposal. 

Figure  6  illustrates  the  proposed 
overlay  design.  The  parameters  used  for 
the  overlay  design  are  listed  in  Table  5. 
The  design  aircraft  load  of  37,000  lbs 
represents  a  tire  in  the  main  gear  assem¬ 
bly  of  a  Hercules  C-130  (HC-130) . 

Load  Repetitions  to  Failure  (N£) 

The  load  applications  to  failure 
were  determined  based  upon  the  ratio  of 
the  maximum  tensile  stress  to  the  static 
flexural  strength  (referred  to  as  the 
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'able  4.  Laboratory  Resilient  Moduli  of  AC  and  PCC  Cores 


Delineation 

Unit 

Station 
(on  CL) 

AC 

Modulus 
@  70°  F* 
(ksi) 

AC 

Modulus 
@  45°  F** 
(ksi) 

PCC 

Modulus 

(ksi) 

1 

15+50 

290 

870 

5,800 

2 

21+50 

240 

720 

5,180 

2 

29+50 

230 

690 

4,860 

3 

36+60 

170 

510 

1 

4 

44+95 

120 

360 

J 

3,120 

*Test  Condition 

**Adjusted  (based  on  AASHTO  Guide  Equation) 


/f 

lllll  P =37, 000  lbs 

imam 

a 

AC  Overlay  h1  = 

<  r 

,  E=850  ksi 

1  4=0.35 

PCC  h2= 

6.1"  E  from  backcalculation 
4=0.15 

Subgrade 

sllf  £  from  'backcalculation" : 

Figure  6.  Schematic  Representation  of 
Overlay  Design 

stress  ratio)  in  the  PC C  layer.  (The 
static  flexural  strength  is  equal  to  the 
modulus  of  rupture.)  Several  relation¬ 
ships  have  been  presented  in  the  litera¬ 
ture  for  the  stress  ratio  versus  load 
applications  to  failure,  as  shown  in 
Figure  7.  Obviously,  there  are  substan¬ 
tial  differences  in  the  relationships 
presented . 

PCA  Method  (Yoder  and  Witczak, 
1966).  The  PCA  criteria  were  developed 
by  the  Portland  Cement  Association.  It 


Table  5.  Overlay  Design  Parameters 


Design  Parameter 

Specification 

Asphalt 

AC-5 

Asphalt  content 

6% 

Penetration  @  77°F 

140  (min) 

Air  voids 

4% 

P 

200 

5% 

Temperature 

55°  F 

Vehicle  speed 

30  mph 

Resilient  modulus 

850  ksi 

represents  a  lower  bound  of  laboratory 
beam  fatigue  test  results.  The  concrete 
layer  is  assumed  to  be  capable  of  sus¬ 
taining  an  infinite  number  of  load  appli¬ 
cations  if  the  stress  ratio  is  less  than 
0.50. 

Vesic's  Method  (Vesic  and  Domaschuk, 
1966).  Vesic  analyzed  the  AASHTO  road 
test  data  using  Westergaard  plate  theory 
to  determine  stresses  and  established  the 
following  relationship: 


Figure  7. 


Summary  of  PCC  Fatigue  Models  for  Laboratory  Beams  and 
Accelerated  Full-Scale  Tests  (after  Majidzadeh,  et  al . ,  1985). 


N 


f 


225,000 


(2) 


33(p) 


1.5 


(4) 


1..  ~Lich: 

a  =  the  tensile  concrete  stress 
(psi)  . 


in  which: 

E  -  modulus  of  PCC  (psi) ,  from 
backcalculation 
p  =  density  of  PCC  (pcf) 


Modulus  of  Rupture  (MR) 


The  modulus  of  rupture  for  the  ex¬ 
isting  PCC  layer  was  estimated  from  aver¬ 
age  modulus  values  backcalculated  from 
the  deflection  data.  The  PCC  moduli 
backcalculated  from  ELMOD  appear  to  be 
more  reasonable  than  the  PCC  moduli  back- 
calculated  from  BOUSDEF  and  were  there¬ 
fore  used  for  the  overlay  design.  The 
following  relationships  from  Troxell,  et 
al.  (1968)  were  used  to  determine  the 
modulus  of  rupture  (MR)  of  the  PCC: 


MR  -  K 


(3) 


in  which: 


K  -  coefficient,  ranges  from  8  to 

10, 


and 


For  this  design,  the  density  (p)  of 
the  PCC  was  assumed  to  be  140  pcf  and  K 
was  10,  so  that 


MR 


_E _ 

5470 


(5) 


Overlay  Thickness  Determination 

The  tensile  stress  induced  in  the 
PCC  by  the  design  aircraft  loading  was 
calculated  using  the  ELSYM5  program 
(Hicks,  1982).  Table  6  summarizes  the 
calculation  results.  As  may  be  noted, 
the  load  repetitions  to  failure  for  a 
given  thickness  of  overlay  are  signifi¬ 
cantly  different  for  the  two  methods 
considered. 

The  Kodiak  Airport  master  plan  has 
forecast  that  Kodiak  Airport  can  expect 
107,000  operations  per  year  by  the  year 
2005.  Assuming  a  conservative  1/4  of 
these  operations  would  occur  on  Runway 
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Table  6.  Summary  of  Overlay  Thickness  Design  Calculations 


18/36,  one  would  expect  something  on  the 
order  of  27,000  operations  per  year. 
Alexander  (1988)  estimates  that  approxi¬ 
mately  7,300  of  these  operations  will  be 
HC-130  aircraft, ■ HH3F1 s ,  and  HH52A  heli¬ 
copters  since  this  is  the  preferred  run¬ 
way  for  Coast  Guard  operations.  If  a 
design  life  of  20  years  is  assumed,  then 
a  maximum  of  140,000  HC-130  load  applica¬ 
tions  are  to  be  expected.  Considering 
this  number  of  load  applications,  the  AC 
overlay  thickness  required  by  the  PCA 
criteria  is  from  6  to  7  in.  while  using 
Vesic's  criteria,  a  4  in.  overlay  is 
satisfactory  for  the  entire  runway 
length.  The  required  AC  overlay  thick¬ 
ness  appears  to  be  more  sensitive  to  the 
fatigue  failure  criteria  used  for  the  PCC 
than  the  method  (i.e.,  program)  used  to 
backca Icula te  the  PCC  moduli. 

Two  additional  factors  must  be  con¬ 
sidered  when  evaluating  the  potential  of 
a  fatigue  failure  in  the  PCC.  First,  a 
forecast  of  the  number  of  aircraft  opera¬ 
tions  at  Kodiak  Airport  does  not  trans¬ 
late  directly  to  the  number  of  stress 
repetitions  at  a  point  in  the  pavement 
structure.  This  results  from  the  fact 
that  aircraft  do  not  traverse  the  same 
point  on  the  pavement  with  each  pass  of 
the  aircraft.  Brown  and  Thompson  (1973) 
established  a  70  in.  wander  width  for 
aircraft  on  a  pri  .ry  taxiway  and  a  wan¬ 
der  width  of  140  in.  on  a  runway  interior 


or  parking  apron.  Second,  the  prediction 
of  remaining  life  (expressed  in  load 
repetitions)  in  a  pavement  must  begin 
with  an  estimate  of  the  past  accumulated 
damage  (expressed  in  terms  of  load  repe¬ 
titions)  .  That  is , 

Remaining  Load  Past 

Fatigue  =  Repetitions  -  Accumulated 
Life  to  Damage 

Failure 

In  the  analysis  presented  the  past 
accumulated  damage  is  considered  to  be 
negl igible . 

Table  7  presents  a  sensitivity  anal¬ 
ysis  on  the  effect  of  the  PCC  modulus  on 
load  repetitions  to  failure.  A  4  in. 
overlay  thickness  with  the  properties 
given  in  Table  5  was  selected  for  the 
sensitivity  analysis.  Considering 
Vesic’s  criteria,  a  4  in.  overlay  thick¬ 
ness  would  be  acceptable  if  the  PCC  modu¬ 
lus  was  slightly  greater  than  1,000  ksi. 
Considering  the  PCA  criteria,  the  PCC 
modulus  must  be  4,000  ksi  to  prevent 
fatigue  distress  in  the  PCC. 

Examination  of  AC  Overlay 

In  general,  tensile  strains  are  not 
likely  to  occur  in  an  AC  overlay  on  PCC. 
This  was  verified  for  a  4-in.  overlay 
thickness  using  the  ELSYM5  program. 
Reflection  cracking  is  probably  unavoid- 


Table  7.  Effect  of  PCC  Modulus  on  Allowable  Repetitions 


PCC 

Modulus 

(ksi) 

Modulus 

of 

Rupture 

MR 

(psi) 

o* 

(psi) 

<7 

MR 

Load  Repetitions 
to  Failure 

PCA 

(xlO3) 

Vesic 

(xlO6) 

1,000 

180 

210 

1.17 

N/A 

.  1 

2,000 

370 

290 

0.78 

N/A 

.  5 

3,000 

550 

360 

0.65 

8 

1 .  3 

4,000 

730 

400 

0.55 

130 

2.4 

5,000 

940 

450 

0.48 

CO 

4.5 

6,000 

1100 

480 

0.44 

CO 

6.1 

*AC  overlay  -  4  inches,  PCC  -  6.1  inches,  and  subgrade 
modulus  -  22.3  ksi 
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able,  but  the  rate  and  extent  of  reflec¬ 
tion  cracking  cannot  be  predicted. 
Further,  an  economic  solution  to  the 
reflection  cracking  problem  apparently 
does  not  exist,  despite  extensive  work 
using  techniques  such  as  stress  and 
strain  relief  interlayers,  geotextiles, 
or  reinforcing  in  the  overlay.  Rutting 
of  an  AC  overlay  is  influenced  primarily 
by  the  properties  of  the  AC  mix  and  the 
quality  of  construction.  To  prevent  rut¬ 
ting  a  crushed  aggregate  must  be  used  in 
the  mix  and  the  mix  must  be  compacted  to 
a  high  density  during  construction. 


SUMMARY  AND  CONCLUSIONS 

An  FWD  deflection  survey  was  con¬ 
ducted  on  Runway  18/36  at  the  Coast  Guard 
Air  Station  at  Kodiak  Airport,  Alaska. 
Moduli  for  the  existing  AC,  PCC,  and  sub¬ 
grade  were  backcalculated  using  two  pro¬ 
grams,  ELMOD  and  BOUSDEF.  The  AC  moduli 
backcalculated  with  BOUSDEF  appear  to 
more  accurately  reflect  the  condition  of 
the  surface  layer  whereas  the  PCC  moduli 
backcalculated  with  ELMOD  appear  to  more 
accurately  reflect  the  condition  of  the 
PCC.  An  AC  overlay  design  based  on  the 
PCC  moduli  from  ELMOD  suggests  that  the 
required  AC  overlay  thickness  is  more 
sensitive  to  the  fatigue  failure  criteria 
used  for  the  PCC  than  the  method  (i.e., 
program)  used  to  backcalculate  the  PCC 
moduli  from  the  FWD  survey  results. 
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ABSTRACT 

At  present,  the  most  accurate  and  practical  assessment  of  pavement  structural 
capacity  is  achieved  through  the  measurement  and  subsequent  analysis  of  deflection 
basins  resulting  from  a  dynamically  applied  load.  For  mechanistic  evaluation  of 
pavements,  the  deflection  data  collected  is  generally  analyzed  to  backcalculate  the 
effective  modulus  of  each  pavement  layer.  When  numerous  deflection  basins  are  analyzed, 
however,  variable  layer  moduli  are  generally  predicted.  This  variability  and  its 
magnitude  are  due  to  a  number  of  pavement  characteristics  such  as  non-uniform  layer 
thicknesses,  varying  material  and  subgrade  soil  properties,  etc.  There  are  also  a  number 
of  factors  that  may  lead  to  inaccurate  moduli  calculations  or  to  the  selection  of  non¬ 
representative  modulus  values  for  use  in  the  evaluation  process;  e.g. ,  presence  of  rigid 
layer,  material  non-linearity,  environmental  effects,  etc.  In  this  paper,  a  summary  of 
the  major  factors  affecting  the  backcalculation  of  effective  layer  moduli  from 
deflection  measurements  is  presented.  These  factors  are  grouped  into  four  major 
categories:  pavement -subgrade  system,  environmental  conditions,  deflection  testing,  and 
analysis  techniques.  Examples  illustrating  the  influence  of  many  of  these  factors  are 
also  presented.  Additionally,  procedures  presently  in  use  for  taking  these  factors  into 
account  are  discussed. 


INTRODUCTION 

Since  its  introduction  several  deca¬ 
des  ago,  nondestructive  testing  (NDT)  has 
been  an  integral  part  of  the  structural 
evaluation  of  pavements.  In  the  earliest 
years,  this  evaluation  was  based  upon  the 
analysis  of  a  single  deflection  measurement 
resulting  from  a  static  or  slow-moving 
load.  However,  as  experience  with  defl¬ 
ection  testing  grew  and  technical  advances 
were  made,  predictive  capabilities  greatly 
improved.  Currently,  the  most  accurate  and 
practical  assessment  of  pavement  structural 
capacity  is  achieved  through  the  measure¬ 
ment  and  subsequent  analysis  of  deflections 
at  various  radial  distances  (i.e.,  deflec¬ 
tion  basin)  resulting  from  a  dynamically 
applied  load. 

Numerous  methods  for  evaluating  the 
structural  capacity  of  pavements  from 


deflection  basin  data  are  presently  avail¬ 
able.  All  of  these  methods  are  based  on 
the  supposition  that  a  unique  set  of  layer 
elastic  moduli  exists  such  that  the  theo¬ 
retically  predicted  deflection  basin  is 
equivalent  to  the  measured  deflection 
basin.  In  addition,  most  of  these  methods 
rely  on  layered  elastic  theory  concepts 
and  use  a  computerized  iterative  solution, 
a  graphical  solution  or  nomographs  to 
backcalculate  the  elastic  modulus  of  each 
pavement  layer . 

In  many  ways,  deflection  based  pave¬ 
ment  structural  evaluations  can  be  viewed 
as  an  inverted  design  process.  When  desig¬ 
ning  a  pavement,  the  layer  thicknesses  and 
material  properties  are  used  to  compute 
the  pavement  response  (stresses,  strains 
and  displacements)  for  a  specified  set  ur 
loading  conditions.  In  the  pavement  evalu¬ 
ation  process,  on  the  other  hand,  the  ri.sp- 
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onse  of  the  pavement  is  measured  and  the 
effective  in-situ  moduli  are  backcalcu- 
lated , 

Unlike  the  design  process,  NDT  based 
pavement  evaluation  studies  seldom,  if 
ever,  yield  a  unique  set  of  moduli.  In¬ 
stead,  when  numerous  deflection  basins  are 
analyzed,  variable  layer  moduli  are  gener¬ 
ally  calculated.  This  variability  and  its 
magnitude  are  due  to  a  number  of  factors 
such  as  non-uniform  layer  thicknesses, 
varying  paving  material  and  subgrade  soil 
properties,  etc.  An  example  of  this  varia¬ 
bility  is  given  in  Figures  1,  which  shows 
the  distribution  of  granular  base  moduli 
derived  from  the  analysis  of  90  deflection 
basin  tests  performed,  using  a  falling 
weight  def lectometer  (FWD) ,  at  the  FHWA's 
Accelerated  Load  Facility  (ALF)  in  Virginia 
(13).  As  can  be  observed,  modulus  values 
range  from  4  to  72  ksi,  with  a  mean  of  36 
ksi . 


ALF  FACILITY.  FHWA  TUR  NER-F  AIRB  ANK  S  PFSEARCH  LA. I  1#8fc 


F IQ  1  EXAMPLE  OF  LAYER  MODULUS  VARIABILITY 

There  are  also  a  number  of  factors 
that,  unless  accounted  for,  may  result  in 
inaccurate  moduli  calculations  or  in  the 
selection  of  non- representative  values  for 
use  in  the  evaluation  process;  e.g.,  en¬ 
vironmental  effects,  pavement  discontinu¬ 
ities,  material  non-linearity,  depth  to 
rigid  layer,  etc.  Figure  2,  for  example, 
illustrates  the  influence  of  material  non¬ 
linearity  and  environmental  factors  upon 
the  subgrade  moduli  calculated  for  two 
adjacent  pavement  test  sections  (.13.)  .  As 
shown,  all  modulus  values  are  lower  (below 
line  of  equality)  when  non-linearity  ef¬ 
fects  are  incorporated  into  the  analysis. 
Also,  instead  of  a  unique  value,  the  aver¬ 
age  (non-linear)  subgrade  modulus  (direc¬ 
tly  under  the  load  center)  varies  from  3 
to  9  ksi  for  Section  No  1  and  from  8  to  35 


ksi  for  Section  No  2  due  to  the  v.  tying 
environmental  conditions  in  dif  Trent 
reasons . 


.  F  F'CIIITV,  FHWA  TURNtR-FAIF TiANKS  RESEARCH  LAB  1986  1988 


SUBGRADE  MODULUS,  ESQ(ksi) 
LINEAR  ANALYSIS  (r  =  0“) 


:  .G  2  INFLUENCE  OF  MATERIAL  NON-LINfc  ARIT  Y  AND  ENVIRONMEH  1 
UPON  SUrGRADE  MODULUS 

In  this  paper,  a  summary  of  the  m;  jor 
lactors  affecting  the  calculation  of  layer 
moduli  and  its  variability  is  presented. 
For  discussion  purposes,  these  factors  have 
been  grouped  into  four  major  categories: 
pavement -subgrade  system,  environmental 
conditions,  deflection  testing  and  analysis 
(backcalculation)  techniques.  Examples 
illustrating  the  influence  of  many  of  these 
factors  are  provided.  Additionally,  proced¬ 
ures  presently  used  for  taking  these  fac¬ 
tors  into  account  are  briefly  discussed. 


PAVEMENT -SUBGRADE  SYSTEM 

The  influence  of  the  pavement- sub  - 
grade  system  upo.i  measured  deflections  is 
best  illustrated  by  reference  to  Figure  3, 
which  shows  a  pavement  structure  being 
deflected  under  a  dynamic  NDT  load.  As  the 
test  is  conducted,  the  load  applied  to  the 
surface  is  distributed  through  the  depth 
of  the  pavement -subgrade  system.  The  dis¬ 
tribution  of  stresses,  represented  by  the 
"Zone  of  Stress",  is  obviously  dependent 
upon  the  stiffness  of  each  layer.  As  the 
stiffness  of  the  material  increases,  the 
stress  is  spread  over  a  larger  area  (1) . 

Layer  stiffnesses,  in  turn,  are 
affected  by  layer  thickness  and  modulus 
variations  in  both  the  vertical  and  lon¬ 
gitudinal  direction  (12).  Accordingly, 
these  variations  can  be  grouped  into  two 
broad  categories:  random  variations  and 
stratified  variations. 
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FIG  L  SCHEMATIC  OF  STRESS  ZONE  WITHIN  PAVEMENT  STRUCTURE  UNDER  THE  FWD  LOAD 

(from  AASHTO  guld«(1)) 


Random  variations  are  due  to  the 
heterogeneous  nature  of  the  pavement  mate¬ 
rials  and  non-uniform  layer  thicknesses. 
This  type  of  variation  is  normal  (present 
in  all  pavements)  but  its  magnitude  depen¬ 
ds,  to  a  great  extent,  on  such  factors  as 
construction  quality.  An  example  of  this 
type  of  variation  is  illustrated  in  Figure 
h,  which  shows  normalized  deflections 
(under  center  of  load)  over  a  7  mile  stre¬ 
tch  of  Interstate  1-95  in  the  State  of 
Delaware  (16).  With  the  exception  of  a  few 
lo-'-lized  data  points,  deflection  varia¬ 
tions  are  relatively  uniform  throughout 
the  length  of  the  project. 


Typically,  random  variations  are 
incorporated  into  the  pavement  evaluation 
process  through  the  selection  of  design 
values  (deflections  or  predicted  layer 
moduli)  based  on  the  statistical  varia¬ 
bility  and  desired  confidence  (relia¬ 
bility)  level;  e.g.,  use  of  50th  percen¬ 
tile  deflection  values  (basin)  for  analys¬ 
is  of  low  volume  roads,  use  of  85th  per¬ 
centile  predicted  layer  moduli  for  evalua¬ 
tion  of  major  roads,  etc. 

Stratified  variations,  on  the  other 
hand,  are  due  to  significant  changes  in 
layer  thicknesses  or  material  properties. 


INTERSTATE  1-95  (northbound),DELAWARE:  1986 


DISTANCE, 


(-10  4  EXAMPLE  OP  RANOOM  VARIATIONS  DUE  TO  NON-UNIFORM 
THICKNESSES  AND  MODULI  CHANGES 


INTERSTATE  1-81  NORTHBOUND:  STAUNTON  DISTRICT,  VA.:  198S 


FIG  S  EXAMPLE  OF  STRATIFIED  VARIATIONS  DUE  TO  SHALLOW  BEDROCK  (cut»/flll») 


Examples  of  stratified  variation  are  shown 
in  Figures  5  and  6.  In  Figure  5,  a  plot  of 
normalized  deflections  (under  center  of 
load)  over  a  15  mile  stretch  of  Interstate 
1-81  in  the  State  of  Virginia  is  presented 
(15.)  .  As  shown,  four  distinct  units  (each 
with  its  own  random  variations)  are  ap¬ 
parent  along  this  stretch  of  interstate. 
The  stratified  variations  shown  are  due  to 
the  presence  of  bedrock  at  shallow  depths 
'  i  .  e .  ,  cuts  and  fills). 
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IG  6  EXAMPLE  OF  STRATIFIEO  VARIATIONS  DUE  TO 
POOR  DRAINAGE 


Figure  6  also  shows  a  plot  of  nor¬ 
malized  deflections  (under  center  of  load 
and  40  inches  away  from  center)  for  more 
than  8  miles  of  Interstate  1-95  in  the 
State  of  Virginia  (14).  As  can  be  observed, 
significantly  higher  deflections  occur 
Woi-v-een  project  mileposts  6.5  and  8.4  due 
to  weaker  subgrade  conditions  caused  by 
poor  drainage  in  the  area  which,  along  with 


heavy  traffic,  have  led  to  the  developmen- 
tof  edge  punchouts . 

Unlike  random  variations,  stratified 
variations  should  not  be  directly  incor¬ 
porated  into  the  layer  moduli  analysis. 
Instead,  the  measured  deflections  should 
be  used  to  delineate  unique  (homogeneous) 
pavement  sections  along  the  length  of  the 
project  prior  to  the  backcalculation  of 
layer  moduli.  An  example  of  deflection 
based  unit  delineation  has  already  bet  n 
presented  in  Figure  5. 

Another  set  of  pavement  related 
factors  affecting  deflection  measurements 
and  hence  backcalculated  layer  moduli  are 
pavement  discontinuities  (12.22) .  The 
presence  of  pavement  discontinuities  such 
as  cracks  and/or  joints,  and  subsurface 
conditions  such  as  voids  beneath  rigid 
pavements  will  lead  to  higher  deflection 
readings  and  hence  lower  moduli  for  all 
other  factors  being  the  same.  The  magnitude 
of  the  deflection  ircrease  is,  however,  de¬ 
pendent  on  the  degree  and  severity  of  crac¬ 
king  and/or  the  joint  opening. 

The  influence  of  pavement  discon¬ 
tinuities  upon  the  pavement  response  is 
best  illustrated  by  reference  to  Figure  7, 
which  shows  normalized  deflection  plots 
for  two  very  similar  pavement  structures 
at  Suffolk  Municipal  Airport  in  Virginia 
(12) .  The  only  difference  between  them  is 
that  one  has  been  intentionally  cracked  to 
minimize  reflective  cracking  in  the  AC 
overlay.  As  shown,  deflection  readings 
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under  the  load  center  are  considerably 
higher  for  the  cracked  PCC  while  the  far¬ 
away  readings,  which  are  primarily  related 
to  the  subgrade  strength,  are  almost  the 
same.  Consequently,  the  deflections  meas¬ 
ured  under  the  load  center  indicate  that 
the  effective  modulus  of  the  cracked  PCC 
is  considerably  lower.  This  is  confirmed 
by  reference  to  Table  1,  which  summarnc." 
the  backcalculated  layer  moduli. 

SUFFOLK  MUNICIPAL  AIRPORT  VIRGINIA  1R86 


FI r  7  INFLUENCE  OF  CRACKING  UPON  MEASURED  OEFI  EC  ,  IONS 

TABLE  1 

PCC  LAYER  MODULI  -  CRACKED  v«.  UNCRACKtu 


NUMBER  OF  NOT  STATISTIC  MOOULUS  (A. I) 

TEST  POINTS  OF  INTEREST  PCC  3UBGP  APE 


crackeo  PCC 


MEAN  1930 

3TO.  DE  V.  M60 


14.2 

n 


UNC nACKEO PCC  302 


MEAN 
STD.  DEV. 


3  7  80 
16  10 


1  4  7 

1  7 


However,  while  pavement  disconti¬ 
nuities  significantly  affect  the  deflec¬ 
tions  and  backcalculated  effective  moduli, 
measurement  bias  should  not  be  built  into 
the  deflection  testing.  If  deflection  tests 
over  cracked  areas  are  avoided,  for  ex¬ 
ample,  the  effective  layer  moduli  will  not 
be  representative  of  the  overall  pa  a-ment 
condition.  Likewise,  if  deflection  readings 
are  taken  in  cracked  areas  only,  unrealis¬ 
tically  low  effective  moduli  will  result. 

In  addition  to  layer  stiffness  vari¬ 
ations  and  pavement  discontinuities,  defl¬ 
ection  measurements  are  also  affeciid  by 
the  presence  of  a  rigid  (rock)  layer  at 
some  finite  depth  (22,21).  For  all  other 
factors  the  same,  the  measured  deflections 
decrease  as  the  depth  to  the  rigid  layer 


decreases.  This  influence  has  already  ,  ,  : 
illustrated  in  Figure  5,  which  s'  owed 
significant  variations  in  normalized  a«_f! 
ections  due  to  variable  subgrade  depths 
(i.e.,  cuts  and  fills)  to  bedrock. 

Ignoring  rigid  bottom  considerations 
in  the  analysis  can  lead  to  substantial 
errors  in  the  calculated  layer  moduli, 
particularly  the  subgrade.  The  subgrade 
modulus  can  be  significantly  over-predict- 
id,  for  example,  if  a  semi- inf inite  soil 
layer  is  assumed,  when  bedrock  exists  at 
shallow  depths.  Unfortunately,  no  univ¬ 
ersally  accepted  procedure  for  incorpora¬ 
ting  rigid  bottom  effects  is  presently 
available.  Existing  procedures  range  from 
the  use  of  an  arbitrary  depth  of  subgrade 
to  the  rigid  layer  (say  20  feet)  to  the 
correction  of  subgrade  moduli  based  on  the 
ratio  of  actual  (finite  depth)  to  equi¬ 
valent  ( semi - inf ini te  depth)  outer  deflec¬ 
tions  . 

Non-linear  behaviour  of  pavement 
materials  and  subgrade  soils  is  another 
important  pavement -subgrade  system  con¬ 
sideration  in  the  backcalculation  of 
effective  in  situ  moduli  from  measured 
deflections  (8,22).  To  date,  numerous 
researchers  have  shown  that  the  dynamic 
response  of  many  paving  materials  is  de¬ 
pendent  on  the  state  stress.  Typically, 
unbound  granular  base/subbase  materials 
stiffen  (modulus  increases)  while  cohesive 
subgrade  soils  soften  (modulus  decreases) 
as  the  stress  state  increases.  More  impor¬ 
tantly,  ignoring  non-linearity  in  the 
analysis  can  lead  to  significant  errors  in 
the  predicted  moduli.  An  example  of  this 
has  already  been  given  in  Figure  2,  which 
showed  the  difference  in  subgrade  moduli 
predicted  using  linear  versus  non-linear 
analysis  techniques.  As  indicated,  ignor¬ 
ing  material  non-linearity  in  the  analysis 
results  in  h  gher  predicted  subgrade  modu¬ 
li  directly  under  the  load  center. 

Several  attempts  have  been  made  to 
date  to  incorporate  material  non-linearity 
into  the  backcalculation  of  layer  moduli 
from  deflection  data.  A  few  finite-element 
models,  for  example,  ar?  presently  avail¬ 
able  that  directly  incorporate  non¬ 
linearity.  Most  procedures,  however,  are 
based  upon  the  use  of  layered  elastic 
theory  concepts  and,  consequently,  incor¬ 
porate  non-linearity  into  the  analysis  by 
indirect  means;  e.g.,  use  of  outer  deflec¬ 
tion  readings  (or  surface  moduli)  to  es- 


rablish  subgrade  modulus  versus  stress  (or 
radi  -.1  distance)  relations,  and  application 
or  strain  sensitive  models  for  equivalent 
linear  analysis. 

ENVIRONMENTAL  CONDITIONS 

Without  question,  one  of  the  most 
significant  factors  affecting  the  response 
of  pavements  to  dynamically  applied  loads 
is  the  environment.  Temperature  affects 
deflection  measurements  and  hence  the 
effective  layer  moduli  of  both  flexible 
(AC)  and  rigid  (PCC)  pavements.  The  stiff¬ 
ness  of  asphalt  mixtures  is  very  sensitive 
to  seasonal  temperature  changes  as  well  as 
daily  temperature  gradients  throughout  the 
depth  of  the  asphaltic  layer.  As  the  temp¬ 
erature  changes,  the  magnitude  of  the 
deflection  under  a  given  load  also  changes. 
For  all  other  factors  the  same,  surface 
deflections  measured  on  a  hot  summer  day 
will  be  larger  than  the  deflection  measured 
during  a  cooler  period.  In  addition,  the 
influence  of  temperature  becomes  more 
pronounced  as  the  thickness  of  the  asphf 1 t 
layer(s)  increases. 

The  effect  of  temperature  upon  asph¬ 
altic  mixtures  is  best  illustrated  by 
reference  to  Figure  8.  As  shown,  a  sig¬ 
nificant  decrease  (from  1,700  to  100  ksi; 
in  the  average  AC  layer  modulus  occurs  as 
the  temperature  increases  (from  42  to  100 
°F)  .  The  modulus  -  temperature  relation  shown 
in  this  figure  was  developed  based  on  224 
deflection  basin  tests  performed  at  the 
FHWA's  ALF  facility  on  12  different  oc¬ 
casions  over  an  18  month  period  (13) . 


ALF  FACILITY,  FHW A  TURNER -FAIR 8 ANK S  RESEARCH  LAB  1986-1988 


Like  flevible  pavements,  rigid  pave¬ 
ment  behavior  is  also  affected  by  tempera¬ 
ture.  First,  seasonal  variations  in  tempe¬ 


rature  cause  pavements  to  contract  or 
expand.  This  in  turn  will  influence  the 
deflection  response  of  a  rigid  pavement  at 
joints  and/or  cracks  because  the  opening 
will  vary  with  the  time  of  the  year  in 
which  the  pavement  is  tested.  For  all  other 
factors  the  same,  the  contraction  of  the 
PCC  layer  during  cooling  periods  re-sults 
in  higher  deflection  readings  due  to  the 
widening  of  joint  and/or  crack  openings.  On 
the  other  hand,  the  expansion  of  :ne  PCC 
and  narrowing  of  joints  and/or  crack  open¬ 
ings  during  warming  periods  results  in 
lower  deflection  readings 

The  deflection  of  rigid  pavements  is 
also  influenced  by  daily  temperature  vari¬ 
ations,  which  cause  vertical  temperature 
differentials  throughout  the  slab  and,  in 
turn,  cause  the  slab  to  curl  in  either  a 
concave  or  convex  form.  This  effect  is 
particularly  pronounced  on  edge  and  corner 
deflections.  During  ea>*ly  morning  hours 
when  the  top  of  the  slab  is  cooler  than 
the  bottom,  higher  deflections  may  be 
recorded  near  the  pavement  edge.  As  the 
pavement  becomes  warmer  during  the  daytime, 
a  reverse  effect  occurs  and  mid-slab  defle¬ 
ctions  may  become  larger. 

In  addition  to  temperature,  the 
response  of  both  flexible  and  rigid  pave¬ 
ments  is  also  affected  by  moisture.  In 
general,  increasing  the  moisture  content 
of  any  material  layer  within  the  pavement 
will  tend  to  weaken  the  layer  (i.e.,  lower 
the  stiffness)  and  therefore  cause  an 
increase  the  deflection  response  of  the 
pavement.  However,  unlike  temperature, 
moisture  changes  do  not  markedly  change  in 
a  short  time  interval  but  are  rather  grad¬ 
ual  throughout  an  annual  cycle. 

The  combined  effect  of  temperature 
and  moisture  upon  the  deflection  response 
of  pavements  is  best  illustrated  by  refe¬ 
rence  to  Figures  9  and  10.  These  two  figu¬ 
res  show  the  changes  in  measured  deflec¬ 
tions  and  predicted  subgrade  moduli,  resp¬ 
ectively,  over  an  18  month  period  for  an 
AC  pavement  test  section  at  the  FHWA's  ALF 
facility  in  Virginia  (1_3)  .  Although  not 
shown  in  these  figures,  the  combined  mois¬ 
ture  and  temperature  effect  is  particular¬ 
ly  significant  for  pavements  found  in  areas 
of  frost  or  high  swelling  soils.  The  in¬ 
fluence  of  ground  freezing  followed  by 
frost  thawing  will,  for  example,  lead  to 
extreme  differences  in  pavement  deflection 
response . 


SUBC-r^AOe  MODULUS, SG(ksi) 
(under  load  center) 


ALF  FACILITY,  FHWA  TURNER-FAIRBANKS  LAB:  1BB6-1B88 


FIQ  9  ENVIRONMENTAL  INFLUENCE  UPON  PAVEMENT  DEFLECTIONS 


r  10  ENVIRONMENTAL  INFLUENCE  UPON  SUBGHAOE  MOOUIUS 


Unfortunately,  while  the  influence 
of  the  environment  upon  the  pavement  resp¬ 
onse  is  well  recognized,  a  universally 
accepted  procedure  for  incorporating  these 
factors  into  the  evaluation  process  is  not 
presently  available.  Typically,  environ¬ 
mental  factors  are  accounted  for  in  the 
characterization  of  the  various  pavement 
layers.  Some  procedures,  for  example,  use 
a  different  modulus,  for  each  of  a  number 
of  finite  time  periods,  in  the  analysis. 
Others  use  s  t  rongth  - 1.  imp  relations  to  ar¬ 
rive  at  a  weighted  d-sign  modulus  value. 
While  still  others  has e  the  entire  evalua¬ 
tion  upon  a  single,  generally  conservative 
modulus  value. 


DEFLECTION  TESTING 

Numerous  nondestructive  deflection 
measuring  devices  are  available  for  use  in 
pavement  structural  evaluation  work  (1,_3, 
U,  2.  2,  11,  iii.  21)  ■  Depending  on  the  type 
of  load  applied,  these  devices  can  be 
categorized  into  five  major  groups.  They 
are : 

1.  Static-creep  (e.g.,  Benkelman  Beam) 
and  Automated  Deflection  Beams  (e  g.  , 
California  Traveling  Deflectometer)  , 

2.  Devices  for  measuring  deflections 
under  a  moving  wheel  load  (eg.,  Cur- 
viameter)  , 

I.  Steady-state  deflection  devices 
(e.g.,  Dynaflect,  Road  Rater), 

A.  Impulse  devices  (e.g.,  Fal 1  ing  We ight 
Deflectometer  or  FWD) ,  and 

5.  Elastic  Wave  propagation  devices. 

Of  these,  the  steady-state  and  im¬ 
pulse  load  devices  Lise  equipment  which 
exert  dynamic  loads  and  measure  deflections 
at  a  number  of  points  on  the  pavement 
surface.  As  a  consequence,  thov  are  more 
widely  used  and  preferred  in  pavement 
evaluation  studies.  Elastic  wave  propaga¬ 
tion  techniques  also  make  use  of  dynamic 
loads  hut,  at  present,  they  are  primarily 
research  oriented  and  not  available  com¬ 
mercially.  The  Benkelman  Beam  and  Curvinm- 
eter  measure  maximum  deflections  onlv. 


which  limits  their  use  for  backcalculation 
of  pavement  layer  moduli. 

Overall,  studies  have  shown  that 
impulse  load  devices,  and  in  particular 
FVDs ,  best  simulate  the  response  of  pave¬ 
ments  under  moving  wheels  (2,  14,  18,  21). 
In  addition,  FWDs  can  produce  loads  rang¬ 
ing  from  approximately  3,000  to  24,000 
pounds  and  thus  are  capable  of  simulating 
loading  conditions  that  range  from  low- 
volume  roads  to  high-volume,  heavy  airfield 
pavements.  This  is  particularly  important 
when  dealing  with  stress  dependent  materia¬ 
ls,  especially  when  the  data  analysis 
technique  used  does  not  account  for  non¬ 
linearity  . 

Besides  the  selection  of  a  testing 
device,  the  accurate  measurement  of  defle¬ 
ctions  and  other  pavement  related  data  is 
also  critical.  As  stated  earlier,  deflec¬ 
tion  readings  and  hence  moduli  are  affect¬ 
ed  by  variations  in  layer  thicknesses , 
material  properties  (including  non¬ 
linear  behaviour) ,  pavement  discontinuities 
and  the  presence  of  a  rigid  layer.  Because 
of  these  factors,  the  differences  in  defl¬ 
ections  from  test  point  to  test  point 
within  a  given  pavement  section  may  be 
quite  large.  This  variability  is  intrinsic 
to  the  pavement  and  should  not  be  a  concern 
during  the  testing  operations. 

It  is  imperative,  however,  that  layer 
thicknesses  (including  depth  to  bedrock)  be 
established  as  accurately  as  possible, 
since  backcalculated  moduli  are  very  sensi¬ 
tive  to  layer  thicknesses.  This  is  par¬ 
ticularly  true  for  the  higher  quality 
pavement  materials  closer  to  the  surface. 

Additionally,  with  regards  to  pave¬ 
ment  discontinuities,  it  is  also  imperative 
that  measurement  bias  not  be  built  into  the 
deflection  testing.  If  only  sound  slabs  in 
a  highly  distresses  PCC  pavement  are  tes¬ 
ted,  for  example,  one  would  obviously 
expect  higher  effective  moduli  which  are 
not  representative  of  the  overall  pavement 
condi tion . 

In  contrast  to  the  above  factors, 
variations  in  deflection  measurements  can 
also  occur  at  each  test  location.  General¬ 
ly,  however,  this  variability  and  its 
impact  upon  the  predicted  moduli  is  very 
small.  Figure  11,  for  example,  shows  the 
distribution  of  standard  deviations  for 
3059  sets  of  deflection  measurements  (each 


set  comprised  of  3  or  5  readings  depending 
on  the  number  of  repeat  drops)  obtained  as 
part  of  the  SHRP  (Strategic  Highway  Resea¬ 
rch  Program)  NDT  equipment  variance  study 
(2).  All  tests  were  performed  using  FWDs 
(Falling  Weight  Def  lectometer )  and  included 
2  states  with  different  environment  and 
subgrade  conditions  (Florida  and  Indiana) , 
2  pavement  types  (AC  or  PCC) ,  2  or  4  load 
levels,  3  or  5  repeat  drops,  5  full  test 
repetitions,  4  or  5  FWD  units  and  7  defle¬ 
ction  sensors  per  FWD  unit.  As  can  be 
observed  from  Figure  11,  the  variability 
at  each  test  location  is  very  small ,  rang¬ 
ing  from  0  to  0.24  mils  (0  to  6  micron;/. 


SHRP  EQUIPMENT  VARIANCE  STUDY:  1988 


FIG  1  1  STANDARD  DEVIATION  DISTRIBUTION  FOR  FWD 

NORMALIZED  DEFLECTIONS 

While  not  shown  in  Figure  11,  the 
results  of  the  SHR?  study  also  indicated 
that  (1)  test  location  and  pavement  type 
had  slight  but  significant  influence  upon 
the  deflection  variability  (i.e.,  higher 
variance  for  Indiana  data  compared  to 
Florida  and  for  AC  pavements  compared  to 
PCC);  (2)  drop  height  (load  level)  had  a 
stronger  influence  (i.e.,  variability 
increased  as  load  increased);  (3)  the  FWD 
units  had  generally  equivalent  variances; 
and  (4)  the  influence  of  sensor  location 
was  more  significant  and  decreased  as  the 
sensor  distance  increased  (e.g.,  0.9  micr¬ 
ons  at  Sensor  2  and  0.6  microns  at  Sensor 

7). 


The  number  of  deflection  sensors  and 
their  configuration  are  also  important 
testing  considerations.  Most  backcalcula- 
tion  procedures  require  that  there  be  as 
many  deflection  readings  (or  more)  as  there 
are  pavement  layers.  Otherwise,  two  or  more 
layers  must  be  combined  and  treated  in  the 
analysis  as  a  composite  material.  Sensor 
spacing  is  also  important  because  deflec¬ 
tion  basin  shapes  differ  significantly 
between  thin,  weak  flexible  pavements  and 
thick,  rigid  stiff  pavements.  This  dif¬ 
ference  is  most  significant  within  the 
first  couple  of  feet;  weaker  pavements,  for 
example,  will  have  larger  deflections  over 
a  smaller  area  when  compared  to  stiffer 
pavements.  Thus,  a  closer  sensor  configura¬ 
tion  is  generally  preferred  for  this  type 
of  pavements  while  larger  spacings  are 
recommended  for  stiffer  pavements  ;  i.e.,  as 
the  distance  of  the  sensors  (from  the  load 
center)  increases,  the  amount  of  response 
measured  for  the  upper  pavement  layers 
decreases  while  that  of  the  subgrade  soil 
increases.  In  summary,  both  of  these  fac¬ 
tors  are  critical  because  they  determine 
the  level  of  information  that  is  collected 
for  each  layer. 

A  final  testing  consideration  is  the 
environment.  As  stated  earlier,  both  temp¬ 
erature  (seasonal  and  daily)  and  moisture 
variations  affect  the  measured  deflections 
and  hence  layer  moduli  for  both  flexible 
and  rigid  pavements.  Consequently,  it  is 
imperative  that  careful  consideration  be 
given  to  the  time  of  testing  (e.g.,  day  or 
night,  winter  or  spring,  etc.)  and  that 
air  and  pavement  temperature  (surface  and, 
if  possible,  vertical  temperature  profile) 
be  measured.  Moisture  conditions  at  the 
time  of  testing  should  also  be  monitored 
whenever  possible.  Ideally,  deflection 
testing  (and  subsequent  analysis)  of  the 
pavement  in  question  would  be  performed  at 
numerous  times  throughout  the  year(s)  to 
get  an  accurate  assessment  of  the  environ¬ 
mental  influence  upon  the  pavement  re¬ 
sponse.  Unfortunately,  this  is  generally 
not  possible  due  to  economic  considera- 
t ions . 


ANALYSIS  OF  DEFLECTION  DATA 

At  present,  no  analytical  solution 
exists  that  can  determine  pavement  layer 
moduli  directly  from  measured  surface 
del i ect ions .  As  a  consequence,  a  reverse 
solution  is  required  wherein  a  set  of 


"seed"  moduli  are  first  assumed  and  the 
pavement  response  (surface  deflections)  is 
calculated.  The  "seed"  moduli  are  then 
adjusted  until  a  set  of  modulus  is  found 
such  that  the  theoretically  predicted 
deflection  basin  is  equivalent  to  the 
measured  deflection  basin. 

Using  this  concept,  numerous  analysis 
solutions  have  been  developed  in  the  last 
two  decades.  They  range  from  the  empirical 
approaches;  one-  or  two-layer  elastic 
approximations;  linear  multi-layer  elastic 
methods ; viscoelastic  models ;  elastodynamic 
procedures;  to  the  more  sophisticated 
finite  element  solutions  Q,  3,  6,  8  to  11 . 
18,  19,  22_to__25)  .  Of  these,  the  most 

widely  accepted  procedures  are  those  based 
on  layered  elastic  theory  concepts.  They 
provide,  at  the  present  time,  the  best 
compromise  between  accuracy  and  practicali¬ 
ty. 

In  turn,  many  layered  elastic  solu¬ 
tions  have  been  developed  and  are  current¬ 
ly  used  by  a  number  of  highway  agencies, 
researchers  and  contractors.  Besides  the 
assumptions  inherent  to  layered  elastic 
theory,  most  of  these  solutions  assume 
that:  (1)  the  dynamically  loadings  can  be 
modeled  by  a  pseudo  static  load  uniformly 
distributed  over  a  circular  area;  (2)  the 
thickness  and  the  number  of  layers  com¬ 
prising  the  pavement  system  are  known;  and 
(3)  Poisson's  ratio  can  be  estimated.  Also, 
most  of  these  self - iterative  procedures 
make  use  of  computerized  elastic  layered 
solutions  ( CHEVRON ,  BISAR,  ELSYM5 ,  etc.)  to 
backcalculate  layer  moduli. 

There  are,  however,  a  number  of 
limitations  associated  with  most  of  these 
layered  elastic  solutions  and/or  the  iter¬ 
ative  techniques  used  which  may  signifi¬ 
cantly  affect  the  predicted  moduli  and 
lead  to  inaccurate  or  erroneous  results. 
They  include: 

o  Pavements,  in  general,  are  not  com¬ 
posed  of  ideal  linear  elastic  materi¬ 
als.  In  addition  to  the  linear  and 
non-linear  elastic  responses,  most 
pavement  materials  exhibit  plastic, 
viscous,  viscoelastic  and/or  visco¬ 
plastic  responses  under  load. 

o  Many  pavement  materials  are  anisotr¬ 
opic  and  few  are  homogeneous;  e.g., 
many  granular  base  and  subbase  mat¬ 
erials  as  well  as  subgrade  soils  are 
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non-linear  (stress  and/or  strain 
dependent) . 

o  Material  properties  vary  greatly  with 
time  (due  to  environment,  deteriora¬ 
tion  of  pavement  layers,  etc.)  and 
place;  e.g.,  the  modulus  of  asphal¬ 
tic  concrete  materials  is  highly 
sensitive  to  temperature. 

o  While  layer  thicknesses  are  assumed 
to  be  known  and  exact  from  construc¬ 
tion  records  or  cores,  they  are  gen¬ 
erally  highly  variable  in  the  field. 

o  In  many  cases,  the  assumption  of  a 
semi - inf inite  subgrade  is  not  valid; 

i.e.,  the  presence  of  a  rock  layer 
at  some  finite  depth  can  significan¬ 
tly  affect  the  deflection  basin  and 
hence  predicted  layer  moduli. 

o  Most  procedures  are  generally  appli¬ 
cable  to  a  limited  number  of  layers 
(typically  3  or  4) ,  thus  necessitat¬ 
ing  the  use  of  equivalent  or  compos¬ 
ite  moduli;  e.g.,  two  or  more  layers 
(say  a  granular  base  and  subbase) 
are  modeled  as  a  single  one. 

o  A  multi-layer  pavement  system  can 
have  numerous  layer  moduli  combina¬ 
tions  that  result  in  the  same  or 
similar  deflection  basin;  i.e.,  th¬ 
ere  is  no  unique  solution.  As  a  res¬ 
ult,  the  predicted  moduli  are  depen¬ 
dent  upon  the  seed  moduli  and  the 
allowable  range  of  modulus  specified 
by  the  user  for  each  pavement  layer. 

o  Because  of  the  above  considerations, 
the  analysis  of  deflection  data  re¬ 
quires  considerable  engineering  ex¬ 
perience  and  judgement  (for  selection 
of  seed  moduli  and  reasonable  ranges 
of  moduli)  in  order  to  arrive  at  an 
acceptable  set  of  layer  moduli. 

o  If  used  in  the  procedure,  tolerances 
(of  measured  versus  predicted  defle¬ 
ctions)  and/or  number  of  iterations 
specified  (by  user  or  fixed  in  the 
procedure)  can  also  affect  the  pred¬ 
icted  moduli;  e.g.,  very  narrow  (st¬ 
ringent)  tolerances  can  prevent  the 
finding  of  a  solution  while  very 
large  tolerances  can  result  in  pred¬ 
icted  moduli  which  are  not  necessa¬ 
rily  the  best  combination. 


o  Depending  on  many  factors  such  as 
sensor  spacings  and  environmental 
conditions,  some  pavement  structures 
may  be  very  hard  to  model;  e.g. ,  com¬ 
posite  pavements  (thin  AC  layer  over 
stiffer  PCC)  ,  sandwich  pavements  (an 
AC  or  granular  material  in  between 
two  PCC  layers),  thin  layer  of  a 
weaker  material  under  thicker  PCC 
layer . 

It  should  be  clear  from  the  above 
discussion  that  layered  elastic  solutions 
are  just  an  approximation  of  actual  in-situ 
conditions.  Nevertheless,  they  provide  the 
best  compromise  between  accuracy  and  prac¬ 
ticality  at  the  present  time. 

SUMMARY 

The  main  objective  of  this  paper  was 
to  summarize  those  factors  affecting  the 
calculation  of  effective  layer  moduli  from 
measured  surface  deflections.  Based  upon 
the  experience  of  the  authors  coupled  with 
the  information  available  in  the  litera¬ 
ture,  numerous  faccors  were  identified  and 
grouped  into  four  major  categories.  They 
are : 

1.  Pavement -Subgrade  System  -  random  and 
stratified  variations  in  layer  stiff¬ 
nesses,  pavement  discontinuities, 
presence  of  stiff  (rock)  layer  at 
shallow  depths,  and  non-linear  be¬ 
haviour  of  pavement  materials  and 
subgrade  soils. 

2.  Environmental  Conditions  -  tempera¬ 
ture,  moisture,  combined  effect  of 
temperature  and  moisture,  and  sea¬ 
sonal  variations. 

3.  Deflection  Testing  -  testing  device 
and  load  used,  variability  of  defle¬ 
ction  measurements,  number  of  sensors 
and  configuration,  pavement  consider¬ 
ations,  and  environmental  considera¬ 
tions  . 

4.  Analysis  Techniques  -  analysis  solu¬ 
tion  used  and  associated  limitations. 

These  factors  and  their  impact  upon 
the  measured  deflections  and  backcalculated 
moduli  were  discussed.  Examples  illustrat¬ 
ing  the  influence  of  many  of  these  factors 
were  also  presented.  In  addition,  an  over- 
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view  on  how  each  of  these  factors  are 
incorporated  into  the  overall  evaluation 
process  was  presented. 

DISCLAIMER 

The  views  expressed  in  this  article 
are  exclusively  those  of  the  authors  and 
do  not  reflect  the  official  policy  nor 
views  of  the  agencies  referenced  herein. 

UNITS 

To  Convert _ to _ Multiply  by 


Inch  (in) 

millimiter  (mm) 

25.4 

Mile  (mi.) 

kilometer  (km) 

1.61 

Mil 

micron 

25.4 

Pound  force 

kilopascal  (kPa) 

6.89 

per  square 
inch  (psi) 
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ABSTRACT 

The  Minnesota  Department  of 
Transportation  in  cooperation  with  the 
Federal  Highway  Administration  and  the 
Local  Roads  Research  Board  of  Minnesota  is 
constructing  the  Cold  Regions  Pavement 
Research  Test  Facility  (CRPRTF) .  This 
facility  is  being  built  on  a  4-km  (2.5- 
mile)  portion  of  Interstate  94  (1-94)  in 
the  east-central  part  of  the  state. 

The  CRPRTF  will  have  high-and  low- 
volume  traffic  test  sections  as  well  as 
nontraf f icked  test  pads.  The  low-volume 
sections  will  be  constructed  on  a  parallel 
access  road,  and  will  be  trafficked 
artificially . 

Section  designs  call  for  the  use  of 
Portland  cement  concrete  and  asphalt 
concrete  surfaces.  Different  construction 
techniques  will  be  tried  and  material 
problems  will  be  intentionally  built  into 
some  of  the  test  sections.  Special 
classifications  for  aggregate  surface, 
base,  and  subbase  materials  will  be  used 
in  the  pavement  sections. 

The  natural  subgrade  in  this  area  is 
primarily  a  frost  susceptible  loam.  This 
combined  with  shallow  water  table  depths 
and  severe  winter  temperatures  make  this 
an  ideal  location  for  frost  heave  studies. 
A  second  type  of  subgrade  will  be  imported 
for  use  in  some  of  the  low-volume 
sections.  This  soil  will  be  a  highly 
plastic  heavy  clay. 

During  the  operation  of  the  CRPRTF, 
information  will  be  obtained  on  the 


and  pavement  response.  This  will  require 
instrumentation  and  data  acquisition 
systems  which  can  endure  the  harsh  weather 
and  severe  traffic  loading  conditions  for 
five  to  ten  years,  yet  have  sufficient 
sensitivity  to  give  meaningful  data. 

INTRODUCTION 

Background 

Much  of  the  nationwide  practice  of 
highway  pavement  design  in  the  U.S.  is 
currently  based  on  the  experience  of  the 
AASHO  Road  Test  conducted  the  the  late 
1950's  at  Ottowa,  Illinois.  The  new 
American  Association  of  State  Highway  and 
Transportation  Off icials  (AASHTO)  pavement 
design  guide  (1),  while  introducing  many 
new  and  needed  concepts,  still  relies 
primarily  on  performance  equations 
developed  at  the  Road  Test.  The 

limitations  for  the  Road  Test  results 
include : 

1.  Only  onj  subgrade  type  was  present. 

2.  A  narrow  range  of  axle  loads  and 

tire  pressures  were  used. 

3.  Only  one  climate  was  represented. 

4.  Road  surface  materials  were  limited 

to  asphalt  concrete  and  portland 

cement  concrete. 

5.  Twenty  years  of  traffic  loading  was 

compressed  into  two  years. 

New  efforts  are  underway  by  the 
Strategic  Highway  Research  Program  and  the 
Federal  Highway  Administration  to  study 
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the  materials,  design  procedures,  and 
construction  practices  used  currently. 

The  Minnesota  Department  of 
Transportation  is  constructing  the  Cold 
Regions  Pavement  Research  Test  Facility 
(CRPRTF)  in  cooperation  with  the  FHWA  and 
the  Local  Roads  Research  Board  of 
Minnesota.  This  facility  will  provide  an 
outdoor  laboratory  in  which  the  traffic 
loads  and  environment  will  actually  be 
those  to  which  a  cold  regions  pavement  is 
subj  ect . 

Scope 

The  CRPRTF  will  provide  researchers 
the  opportunity  to  investigate  the 
relationships  between  material  properties, 
construction  techniques,  design 
methodologies,  traffic  loads,  environment, 
pavement  responses,  and  performance  in 
detail.  The  experiments  will  include 
high-volume  traffic,  low-volume  traffic, 
and  no-traffic  areas  for  rigid  and 
flexible  pavements  as  well  as  aggregate 
surfaces . 

Objective 

The  primary  objective  of  the  facility 
is  to  provide  findings  which  will  help  to 
develop  better  fundamental  approaches  to 
pavement  design,  construction,  and 
maintenance . 


DESCRIPTION  OF  FACILITY 
Site  Layout 

The  CRPRTF  will  be  located  on  1-94 
approximately  64  km  (40  miles)  northwest 
of  Minneapolis  between  the  towns  of 
Albertville  and  Monticello.  As  shown  in 
Figure  1,  the  westbound  lanes  of  the 
interstate  hi6hway  will  serve  as  the 
location  for  the  main  experiment  with  the 
low-volume  road  portion  running  parallel. 
The  site  also  has  space  for  nontraff icked 
test  pads,  an  instrumentation  building, 
and  materials  stockpiles. 

The  topography  of  the  site  is 
relatively  flat  with  only  4.3  m  (14  ft) 
difference  in  elevation  from  the  east  end 
to  the  west  end.  The  primary  land  use  in 
this  area  is  agriculture;  and  the  drainage 
is  relatively  poor.  A  marsh  is  located 
about  one -fourth  of  the  distance  from  the 
western  end. 


The  high-volume  portion  will  contain 
test  sections  designed  for  an  expected  10 
years  of  service  on  the  east  end  and  5 
years  of  service  on  the  west  end.  The  1C- 
year  segment  will  have  approximately  1615 
m  (5300  ft)  of  flexible  pavements  and  732 
m  (2400  ft)  of  rigid  pavements  including 
transition  zones.  The  5-year  part  of  the 
main  experiment  will  have  701  m  (2300  ft) 
of  asphalt  surface  pavements  and  549  m 
(1800  ft)  of  rigid  pavements. 

The  low-volume  traffic  experiment 
will  have  a  total  of  15  test  sections  of 
which  four  will  be  rigid  pavements,  eight 
will  be  flexible  pavements,  and  three  will 
be  aggregate  surface.  Each  section  in 
both  the  main  and  low-volume  road 
experiments  will  be  approximately  152  m 
(500  ft)  long  with  about  30  m  (100  ft)  of 
transition  between  them. 

Existing  Soil  Conditions 

The  natural  subgrade  in  this  area  is 
primarily  a  loam  with  an  AASHTO 
classification  of  A-6.  There  are  minor 
variations  of  silt  and  clay  present.  The 
R-value  of  the  existing  subgrade  is  on  the 
order  of  15  and  its  resilient  modulus  is 
about  83  MPa  (i2,000  psi)  at  a  deviator 
stress  of  69  kPa  (10  psi) . 

For  three  of  the  low-volume  road  sections, 
a  heavy  clay  will  be  imported  and  placet 
to  a  depth  of  2  m  (6  ft).  This  clay  is 
expected  to  have  an  R-value  of  about  5  and 
a  resilient  modulus  of  less  than  69  MPa 
(10,000  psi)  . 

A  ground  water  table  survey  of  the  area 
was  taken  in  the  summer  of  1988.  It  was 
found  that  the  depth  to  ground  water 
varied  considerably  over  the  length  of  the 
project.  The  range  was  from  8  cm  (3  in) 
above  the  proposed  grade  to  depths  of 
greater  than  4.3  m  (14  ft).  It  should  be 
emphasized  that  this  survey  was  conducted 
during  one  of  the  driest  years  in  the  last 
50 . 


TRAFFIC 

Expected  Traffic 

Although  the  facility  will  not  be 
located  in  the  coldest  possible  place  in 
Minnesota,  it  will  be  located  on  one  of 
the  highest  truck  volume  routes  in  the 
state,  The  design  average  daily  traffic 
for  this  portion  of  1-94  Is  24,200 
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vehicles  with  3200  of  these  classified  as 
heavy  commercial  vehicles.  For  the  5-year 
sections,  this  means  that  about  3.2 
million  equivalent  single  axle  loads 
(ESAL)  will  be  experienced  by  the  flexible 
pavements  and  5.1  million  ESAL  for  the 
rigid  pavements.  The  10-  ear  flexible 
pavements  can  expect  7.2  million  ESAL  and 
the  rigid  pavements  will  have  about  11 
million  ESAL.  The  low-volume  road  portion 
will  be  artificially  trafficked  to  a  level 
of  about  50,000  ESAL  per  year. 

Traffic  Instrumentation 

A  weigh-in-motion  (WIM)  system  will 
be  located  at  the  beginning  of  the 
facility  to  monitor  axle  weights 
continuously  or  at  selected  time 
intervals.  There  will  also  be  an  axle 
c 1  as s i f i ca t i on  system  stationed 
immediately  next  to  the  WIM  consisting  of 
induction  loops  to  monitor  the  types  of 
vehicles  corresponding  to  the  axle  loads . 
These  systems  will  be  installed  in  the 
existing  roadway,  one  year  prior  to  the 
start  of  operation::. 


CLIMATE 

Weather  information  for  the  facility 
has  been  compiled  by  Kersten  (2).  The 
weather  station  nearest  the  facility  is 
currently  located  in  Buffalo,  MN,  18  km 
(11  miles)  to  the  southwest.  The  CRPRTF 
will  have  its  own  weather  station  which 
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should  be  operational  by  the  fall  of  1989. 
Some  of  the  available  climate  data  are 
shown  in  Figures  2  through  6. 

Ambient  Temperature 

Monthly  average,  average  minimum,  and 
average  maximum  temperatures  for  St. 
Cloud,  MN ,  48  km  (30  miles)  to  the 

northwest,  are  presented  in  Figure  2. 
Summertime  maximum  temperatures  as  high  as 
27°C  (81°F)  can  be  expected  in  July; 
whereas  the  average  minimum  temperature 
for  January  is  -18°C  (0°F) .  The  normal 
range  of  average  monthly  temperatures  is 
between  -13°C  (9°F)  and  22°C  (71°F). 

The  accumulation  of  freezing  degree- 
days  for  the  Minneapolis-St .  Paul  area 
(MSP),  Buffalo,  and  St.  Cloud  is 
illustrated  in  Figure  3.  The  freezing 
index  for  Buffalo  is  about  917°C-days 
(1650°F-days)  in  an  average  year.  The 
distribution  of  freezing  indexes  for  a  30- 
year  period  in  St.  Cloud  is  shown  in 
Figure  4.  It  is  expected  that  the 
freezing  index  would  be  between  1000°C- 
days  (1800°F-days)  and  1400°C-days  (2600°F- 
days)  for  two-thirds  of  the  years. 

Precipitation 

Average  monthly  precipitation  and 
snowfall  amounts  for  St.  Cloud  are  given 
in  Figures  5  and  6.  The  majority  of  the 
precipitation  occurs  from  M.iv  through 
September;  when  more  than  50  cm3  (3  in3) 
can  be  expected  in  any  given  month.  From 


362 


Figure  5.  AVERAGE  MONTHLY  PRECIPITATION  FOR  ST.  CLOUD,  MN 


November  through  March,  precipitation  is 
almost  exclusively  in  the  form  of 
snowfall,  with  more  than  100  cm3  (6  in3) 
in  any  of  these  months. 

Subsurface  Temperatures 

Ground  temperature  profiles  to  a  depth 
of  1.2  m  (4  ft)  are  currently  being 
measured  on  the  existing  westbound  and 
eastbound  lanes  of  1-94.  Figures  7 
through  9  show  the  temperature 
measurements  for  March,  July,  and  November 
1988.  The  spring  thaw  condition  is 
illustrated  in  Figure  7;  where  it  can  be 
seen  that  the  subsurface  temperatures 
below  25  cm  (10  in)  are  slightly  below  0°C 
(32°F)  and  are  at  7°C  (46°F)  near  the 
surface.  Figure  8  shows  the  effect  of 
surface  cooling  due  to  precipitation  in 
the  summer.  The  influence  of  solar  gain  on 
a  winter  day  is  shown  in  Figure  9. 

Weather  Instrumentation 

Surface  and  subsurface  environmental 
conditions  will  be  monitored  during  the 
operation  of  the  facility.  A  weather 
station  to  monitor  above-ground  conditions 
will  be  constructed  according  to  Federal 
Aviation  Administration  guidelines  (3). 
This  will  provide  information  on  wind 
speed  and  direction,  ambient  temperature 
at  ground  level  and  at  6.2  m  (20  ft), 
humidity,  precipitation,  barometric 
pressure,  and  solar  radiation. 

Pavement  surface  sensors  will  be 
installed  in  the  roadway  which  are  capable 
of  detecting  surface  temperature,  the  type 
of  water  present,  and  the  presence  of 
dr-icing  chemicals.  Subsurface 
temperatures  to  a  depth  of  3.7  m  (12  ft) 
will  be  measured  along  the  length  of  the 
facility  using  thermistor  and  thermocouple 
strings.  Additionally,  pore  pressures  and 
drainage  quantities  in  the  soils  and 
granular  materials  will  be  monitored. 


MATERIALS 

Materials  used  in  the  construction  of 
the  pavement  sections  will  be  those 
typically  used  in  pavement  construction  in 
Minnesota.  It  is  possible  that  new  types 
of  materials  will  be  tried  in  the 
nontraf f icked  test  pads  and  in  future 
phases  of  the  test  facility. 


Asphalt  Concrete 

Some  of  the  bituminous  mixtures  in  the 
mainline  experiment  will  have  problems 
intentionally  designed  into  them,  i.e., 
high  asphalt  or  air  void  contents.  Also, 
there  will  be  two  asphalts  of  the  same 
grade  and  differing  temperature 
susceptibility  characteristics  used  in  the 
mixtures.  The  aggregate  source  and 
gradation  will  be  held  constant  to  the 
extent  possible.  The  low-volume 
experiment  will  have  the  same  bituminous 
mixture  throughout. 

Portland  Cement  Concrete 

Normal  weight  portland  cement  concrete 
will  be  used  in  the  facility.  The 
specifications  will  cal]  for  the  use  of 
air  entraining  which  is  typical  for 
Minnesota.  The  maximum  size  of  aggregate 
particles  and  gradations  will  be 
maintained  throughout  the  length  of  the 
sections . 

Aggregates 

Aggregates  for  use  in  surface,  base, 
and  subbase  layers  will  be  specially 
produced  to  provide  certain  gradation, 
particle  shape,  and  plasticity 
cnaracteristics .  The  special  classes  of 
aggregates  were  developed  so  that  pavement 
performance  characteristics  attributable 
to  them  could  be  distinguished.  The  broad 
nature  of  the  current  Mn/DOT 
specifications  would  not  necessarily 
permit  this  (3).  The  general  requirements 
for  the  dense-graded  base  and  surfacing 
aggregates  are  listed  in  Table  1.  It  is 
anticipated  that  a  open-graded  base 
aggregate  will  be  added  to  these. 

Two  classes  of  aggregate  will  be  used 
in  the  road  surface  of  the  low-volume  road 
experiment.  Both  will  have  a  maximum 
particle  size  of  19  mm  (0.75  in).  Class 
1C  Sp  will  have  a  coarser  gradation  than 
Class  IF  Sp .  The  plasticity  index  (PI) 
requirement  is  lower  for  the  Class  1C  Sp 
than  for  Class  IF  Sp.  There  will  not  be 
a  requirement  for  fractured  faces  for 
these  two  classes. 

Four  classes  of  aggregate  were 
established  for  base  and  subbase 
materials.  Class  3  Sp  will  have  a 
maximum  particle  size  of  12.5  mm  (05  in) 
and  a  finer  gradation  than  the  other  base 
aggregates.  Class  4  Sp  will  have  the 
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Table  1. 


BASE  AND  SURFACING  AGGREGATE  REQUIREMENTS. 


Aggrc  gat  e 

C 1  a  s  s 

Primary 
Func  t i on 

Maximum 
Size,  in 

Fractured 

Particles 

Plasticity 

LL 

PI 

1C  S  p 

Surface 

0.75 

— 

<35 

<  6 

IF  Sp 

Surface 

0.75 

— 

<35 

<12 

3  Sr 

Base 

0.50 

— 

<35 

<12 

4  Sp 

Base 

1.50 

— 

<35 

<12 

5  SP 

Base 

1.00 

Min 

<25 

<  6 

6  cp 

Base 

1.00 

Max 

<25 

<  6 

largest  maximum  size,  although  the 
percentage  of  material  passing  the  0.075 
mm  (No.  200)  sieve  will  be  of  the  same 
order  as  that  for  Class  3  Sp.  Classes  3 
and  4  Sp  would  be  considered  "Granular 
Borrow"  and  "Select.  Granular  Borrow" 
materials  under  the  Mn/DOl  spec i f ications 
(3)  . 

Differences  in  performance  due  to 
aggregate  shape  will  be  discerned  using 
the  Class  5  Sp  and  Class  6  Sp  materials. 
Class  5  Sp  will  have  a  minimum  amount  of 
crushed  material  in  it,  while  Class  6  will 
contain  <..s  much  crushed  material  as 
possible.  Class  5  will  also  have  a  finer 
gradation  than  Class  6. 

EXPERIMENT  DESIGN 

Although  the  experiment  design  for  the 
facilf"v  has  not  been  finalized,  the 
information  in  this  section  represents  the 
majority  of  what  is  planned  for  the  test 
sections  (4,5).  It  is  expected  that  some 


changes  wi 

1  1  be 

made 

in 

order  to 

accomodate 

such  variables 

as 

dra  i  liable 

b  a  s  e  s  . 

As  me  tit. 

i  oned 

earlier, 

the 

mainline 

test  sections  on 

the  interstate  will  be 

divided  into  those  designed  for  an 
expected  life  of  10  years  and  those 
designed  for  5  years  of  service.  Both  of 
these  will  contain  cells  for  rigid  and 
flexible  pavements  (Table  2).  The  low- 
volume  road  portion  will  be  designed  for 
approximately  50,000  ESAL' s  per  year  for 
a  period  of  3  years.  The  low-volume  road 
will  have  asphalt  concrete,  port  land 
cement  concrete,  and  aggregate  surfaces 
within  its  cells  (Table  3). 

Thickness  designs  for  the  flexible 
pavement  sections  were  done  using  the 
Grave]  Equiva:-  ncy  approach  which  is  the 
current  Mn/Ti'T  standard.  Rigid  pavements 
w<  re  designed  using  Mr./DOT's  procedure 
with  refinements  to  the  thicknesses  made 


by  using  the  AASHTO  approach.  Aggregate 
surfaces  were  designed  using  the  AASHTO 
low-volume  roads  procedure. 

Mainline  Experiment 

Ten-Year  Designs.  Both  the  flexible  and 
rigid  pavement  cells  for  the  ten-year 
designs  are  located  on  the  eastern  portion 
of  the  facility  as  shown  in  Figure  1.  The 
planned  cross-sections  for  these  pavements 
(10-1  through  10-13)  are  given  in  Table  2. 
It  can  be  seen  that  this  part  of  the 
experiment  will  have  four  rigid  pavement 
sections  and  nine  flexible  pavement 
sections . 

The  rigid  pavements  will  all  have 
surface  thicknesses  of  24  cm  (9.5  in)  with 
13  cm  (5.0  in)  of  subbase  materials. 
Three  of  these  sections  (10-1  through  10- 
3)  will  have  panel  lengths  of  8.3  ra  (2.’ 
ft)  and  wire  reinforcing.  Section  10-4 
will  have  panel  lengths  of  4.6  m  (15  ft). 
Edge  drains  will  be  installed  on  section 
10-2  . 

Two  of  the  flexible  pavement  sections 
(10-6  and  10-10)  will  have  full-depth 
asphalt  concrete  surfaces,  30  cm  (11.75 
in)  in  thickness.  The  other  asphalt 
concrete  sections  will  have  surface 
thicknesses  of  20  cm  (7.75  in)  with 
combined  base  and  subbase  thicknesses 
ranging  from  48  cm  (19  in)  to  71  cm  (28 
in) .  The  asohalt  mixture  problems  which 
will  be  built  into  the  lower  bituminous 
layers  are  also  noted  in  Table  2.  These 
problems  are  deviations  from  target  air 
void  and  asphalt  contents. 

Five-Year  Designs.  This  part  of  the 
mainline  experiment:  will  have  four 
flexible  pavement  secfiors  and  three  rigid 
pavement  sections  (Table  2)  These  will 
be  located  on  the  western  end  of  the 
facility.  If  and  when  "hese  fail  prior  to 
the  fa  ill*  ■  of  the  ten-year  designs, 


traffic  will  be  diverted  onto  the  existing 
roadway  as  shown  in  Figure  1. 

The  rigid  pavements  will  consist  of  22 
cm  (8.5  in)  of  portland  cement  concrete 
(PCC)over  13  cm  (5.0  in)  of  subbase 
material.  Section  M5-5  will  have  panel 
lengths  of  8.3  m  (27  ft)  and  wire- 
reinforcing.  Joint  spacings  of  4.6  m  (15 
ft)  will  be  used  in  Section  M5-6.  Edge 
drains  will  be  placed  in  Section  M5-7 
which  will  have  panel  lengths  of  6.2  m  (20 
ft)  with  no  wire  reinforcing. 

The  flexible  pavements  portion  of  the 
five-year  study  will  have  one  section  of 
full-depth  asphalt  concrete  consisting  of 
27  cm  (10.75  in).  The  conventional 
sections  will  be  composed  of  15  cm  (5.75 
in)  of  asphalt  concrete  over  combined  base 
and  subbase  thicknesses  of  68  cm  (27  in) 
to  83  cm  (32.5  in). 

Low-Volume  Road  (IA'R)  Experiment 

The  low-volume  road  sections  are 
Listed  in  Table  3.  These  are  comprised  of 
aggregate,  asphalt,  and  portland  cement 
concrete  surfaced  pavements.  There  will 
be  two  types  of  subgrades  present  in  the 
LVR  portion  of  the  facility.  These 
include  the  natural  subgrade,  a  loam,  and 
an  imported,  highly  plastic  c  ay.  The 
trafficking  of  this  experiment  will  most 
likelv  he  accomplished  by  means  of  an 
operator- driven  vehicle . 

There  will  be  three  aggregate  surface 
.sections  These  sections  were  designed 
using  the  new  AASHTO  method  for  aggregate 
surface  pavements.  Section  3  will  be  a 
Class  IF  Special  surface  over  the.  clay 
sub grade  . 

The-  e'ght  flexible  pavement  sections 
will  have  surface  thicknesses  which  vary 
from  9  cm  1.3.5  in)  over  granular  materials 
to  2'  cm  (10.5  in)  of  full-depth  asphalt 
concrete  on  the  clay  subgrade.  Two 

sections  will  be  constructed  on  the  city 
subgrade.  Combined  base  and  subba.  e 
thicknesses  range  from  28  cm  (11  in)  to  61 
cm  <  ,' *  in).  There  will  be  four  sections 
of  pi.r-  i  and  cement  concrete  pavements  in 
the  1.7k.  Sort  ion  13  will  have  joint 

ir.sy  '  i  6.2  m  (20  ft)  ,  while  the  other 
t  ions  will  have  4.6  ir  (15  ft)  panel 
lengths.  One  PC C  section  (15)  will  be 
runs'  re  ted  over  tie  clay  subgrade.  The 
suhb.ise  thickness  will  he  constant  in  the 
•hr,..  ;  ;  i  d  pavement  sections  at  13  cm  19 
in,' 


PAVEMENT  RES PUNS  i  AND  PERFORMANCE 
Pavement  Response 

The  capability  to  continuously  collect 
pavement,  response  data  is  being  planned 
for  selected  test  sections  in  both  the 
Main  and  Low-Volume  Road  experiments. 
Although  these  sections  have  vet  to  he 
chosen,  it  is  safe  to  assume  that  they 
will  include  each  of  the  surface  tvpes 
present . 

The  rigid  pavements  will  be 
instrumented  with  strain  gages  placed  in 
the  bottom  of  the  slabs  tc  monitor  the 
amount  of  curl  being  experienced  due  to 
temperature  and  moisture  variations  in  the 
PCC.  These  strain  gages  will  also  provide 
information  regarding  the  response  due  to 
load  when  traffic  passes  over  the  slab  in 
the  curled  condition.  Load  transfer  from 
slab  to  slab  will  also  be  monitored.  This 
could  possibly  be  done  with  the  use  of 
pres'  re  cells  to  measure  the  load 
tran.iar  or  accelerometers  to  measure  the 
displacement  on  both  sides  of  transverse 
joints.  It  may  be  possible  to  measure  the 
width  of  joint  openings  by  means  of 
displacement  transducers.  The  stresses  in 
the  subbase  and  subgrade  materials  will  be 
monitored  using  pressure  cells. 

The  flexible  pavements  will  be 
instrumented  to  monitor  the  horizontal 
strains  and  vertical  deflections  in  the 
various  asphalt  layers.  Horizontal 
strains  will  probably  be  measured  using  H- 
type  strain  gages;  and  vertical 
deflections  will  be  measured  with  either 
multi-depth  dc flee  tome te rs  or  velocity 
transducers.  It  may  be  possible  to 
measure  the  shear  stresses  bv  means  of 
rosette  strain  gages  which  are  capable  of 
measur  i  ng  strains  in  two  different, 
directions  at  once.  The  stresses  in  the 
aggregate  and  subgrade  layers  will  be 
measured  using  pressure  cells. 

Periodic  Monitoring 

At  various  intervals  i n  the  lifet  imps 
of  the  d’fferent  experiments,  evaluations 
of  materials  and  pavement  conditions  will 
he  rr  ide  .  These  will  include  destructive 
and  !  "'ides  t  rue  t  i  ve  materials  testing,  ride 
qua'  ;  •  v  assessment  s.  frost  heave 
me  a-  :  •  -mo  lit  s  ,  and  visual  surveys. 

Mail-rial  sampling  and  laboratory 
test i ng  of  the  surface,  base,  and  subgrade 
ina  ,1s  will  he  ac  comp  1  t  shed  during  and 
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quality  of  the  pavement  surface. 

Visual  survey's  will  he  vised  to 
ascertain  the  overall  condition  of  each 
li  st  sect  ion  cell  as  well  as  the  mode  of 
deter i ora:  ion  in  each.  This  will  be 
related  to  the  primary  responses  of  the 
pavement  and  the  tvpes  of  loads  being 
v-y.pe  r  i  enced  . 
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CuN'STKFCT  I  ON  SCHEDULE 


The  construction  of  this  facility  will 
begin  in  the  summer  of  1989.  During  this 
construction  season,  the  right-of-way  lor 
the  facility  will  be  purchased.  The 
weigh-in-motion  system  will  be  installed 
on  the  exist  i ng  pavement  immediately  in 
front  of  the  CRPRTf ,  and  a  weather  station 
will  be  erected.  Materials  production  and 
stockpiling  will  begin  at.  this  time. 
Add  it  ion-ally,  prel  inti  nary  invest  i  gat  ions 
of  instrumentation  will  take  place. 

During  the  1990  season,  the  grading 
■re  site  will  he  accomplished, 
will  be  constructed  to  house 
acquisition  and  storage 
equipment.  The  pavement  test  sections 
will  he  finished  with  instrumentation 
installed  in  time  to  open  the  facility  to 
traffic  hv  the  fall  of  1990. 


the  Task  Force  and  Advisory  Committees  who 
have  provided  direction  on  the  goals  and 
experiment  design  of  the  CRPRTF.  Thanks 
are  also  due  the  State  of  Minnesota  for 
providing  the  funding  for  the  facility. 
Special  recognition  is  extended  to  Drs . 
Witezak  and  Ketsten  for  providing  much  of 
the  information  presented  herein. 


RFFF.RFNCFS 

1 


AASHTO  Guide  for  the  Design  of  Pavement 
Structures .  American  Associat  ion  of 
State  Highway  and  Transportation 
Officials,  Washington, 


DC,  1988 


2  . 


for  the  ent 
A  building 
the  data 


Kersten,  M.S.,  "Cold  Regions  Pavement 
Research  Test  Facility:  Climate 
Summary,"  Letter  Report  Minnesota 
Dept,  of  Transportation,  Dec.  1988. 


Witezak.  M.W.  ,  "Recommended  CRPRTF  Base 
and  Road  Surface  Aggregate  Glasses," 
Version  So.  1,  Minnesota  Dept .  of 
Transportation.  May  1988. 


SI  ’MM ARY 


The  CRPRTF  will  not  answer  all  t  he 
quest  ions  which  arise  with  respect  to 
pavement  structures.  There  are 

limitations  such  as  or.lv  having  one  type 
,,{  climate.  it  will,  however ,  provide  a 
facility  a*  which  It  any  of  t  lie  theories  and 
.scri  p'  1  ( . 1 1 s  used  :  ii  pavement  engineering 
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T).r  main  features  of  the 


use/: 


FULL  SCALE  PAVEMENT  TEST 
INTERNATIONAL  JOINT  RESEARCH 


A. -G.  Dumont  Project  Manager 

Swiss  Federal  Institute  of  Technology 
Lausanne  -  Switzerland 

R  Addis  Chairman  of  the  analysis  subgroup 


1'he  aim  of  the  OECD  project  is  to 
imptove  international  coordination  and 
cooperation  m  the  field  of  full  scale  testing 
of  pawmrnt  structures.  Besides  an  increase 
in  understanding  of  the  behaviour  and 
mechanics  of  pavements,  progress  will  be 
mad.  m  the  standardisation  and 
narmonLution  of  the  equipement, 
mcastiH  mentx  data  processing  and  methods 
ot  analysis  and  interpretation. 

The  operation,  the  cost  of  which  is 
climated  to  be  CKOO'OtK).-  FT,  is  being 
in.. meed  ;>\  approximately  fifteen  countries 
m  ..  mi;  si  ,;tii ala!  organisations. 

Fa,  p. moment  structures  w  ill  he 
te  a.  d  in. .ter  axle  loads  of  10  and  11.5 
n  nines,  on  the  lest  machine  in  Nantes 
(France).  A  phase  of  repair  will  he 
mulct  taken  as  soon  as  the  weakest  structure 
b  i'  iv.ii  lie  1  the  end  of  its  life,  and  the  test 
‘•d  he  via  tinned  until  4  million  standard 
i  m  ;  me  been  appiicd.  The  track  has 


Transport  &  Road  Research  Laboratory 
Crowthorne  -  United  Kingdom 


been  fully  instrumented  so  that 
deformation,  defection  and  stress  at 
different  levels  in  the  pavements  will  be 
know  at  any  time.  Weather  data  will  be 
continuously  recorded.  The  recorded  data 
on  pavement  properties  and  behaviour  will 
be  analysed  using  models  of  pavement 
response  and  performance. 


INTRODUCTION 

The  OECD  (Organisation  for 
Economic  Cooperation  and  Development) 
brings  together  23  countries  throughout  the 
world.  Its  Road  Research  Programme  is 
aimed  at  encouraging  international 
cooperation  in  the  field  of  road 
construction,  safety  and  traffic  on  the  basis 
of  the  coordination  of  the  means  of 
research  of  different  members. 

The  experiment  conducted  in 
Nantes,  France,  on  the  LCPC  (Eaboratoire 
Central  des  Fonts  et  Chaussees)  test  track 
is  being  carried  out  with  the  financial  and 
scientific  participation  of  the  following 
OECD  countries  Australia,  Austria. 
Belgium,  Denmark,  Finland,  Prance, 
Germany  ,  Holland,  Italy,  Norway,  Spain. 
Sweden,  Switzerland,  The  United  States 
and  the  European  Economic  commission. 

The  budget  for  this  experiment, 
known  as  P'ORCE  (First  OECD  Road 
Common  Experiment)  amounts  to 
yHOO'(HX).-  French  francs. 


BACKGROUND 

The  group  of  experts  set  up  by  the 
OECD  in  1983  undertook  to  compare 
different  types  of  strain  gauges  on  a 
common  structure  and  under  the  effects  of 
the  same  loads.  Thus  in  April  19X4,  !() 
countries  participated  at  Nardo,  Italy  in  a 
comparison  test  which  provided  some  very 
useful  information.  In  order  to  continue  the 
work  of  international  collaboration  and 
cooperation  of  this  group,  new  scientific 
objectives  were  established  aimed  at  : 

-  expanding  the  range  of  validity  of 
the  results  obtained  so  tat  and 
making  them  available  for  tests 
currently  in  progress  or  planned, 
increasing  our  knowledge  of  the 
performance  and  mechanics  ot 
pavements. 

-  progressing  with  regard  to  the 
standardisation  and  bringing  into 


line  of  measuring  equipment  and 
techniques  and  the  procedures 

employed  for  the  processing, 

analysis  and  interpretation  ot  data, 
verifying  the  design  and 

reinstatement  techniques  at  present 
employed  in  the  different 

participating  countries, 
reacliving  the  exchange  '4 

information  in  the  field  .<!  tu" 

scale  tests. 

The  test  site  in  Nantes  was 

selected  because  of  the  size  of  the  : c  - 1 
installation  (the  largest  in  the  world i 
(figure  1)  and  because  of  its  a\ .bi!ip. 
given  that  the  experiment  was  to  K-  rained 
out  over  a  12  month  period. 

In  parallel  with  the.  cooperative  test 
a  number  of  countries  have  started  to  cany 
out  tests  on  reproducing  similar  conditions 
to  those  in  Nantes  on  their  own 

installations  (materials,  structures,  loads; 

with  a  view  to  obtaining  cross  checking 
information. 


Figure  1  I.CPC  test  installation  at 
Nantes 


CONDUCT  OF  TESTS 

More  than  300  gauges  were 
installed  at  different  levels  in  each  laser 
when  constructing  the  three  pavement 
structures  (figure  2). 


employed  tor  the  measurement  of  each  ot 
the  different  parameters. 
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Figure  2  Pavement  structure  s 
constructed  on  the  site 


A  number  of  tests  are  now  being  conducted 
on  the  materials  of  these  pavements.  What 
were  termed  "zero’"  point  measurements 
were  first  carried  out  when  the  load,  speed 
and  transverse  position  parameters  were 
varied  as  follows  : 

Load  :  K.2  tonnes  to  13.0  tonnes 
-  Speed  :  .3  Km/h  to  X6  Km/h 

Transverse  position  :  -52.5  cm  to 
+52. 5cm 

The  "FATIGUE"  phase  was  then  started  on 
carrying  out  500  000  applications  of  a  load 
of  10  tonnes  on  the  inner  track  and  11.5 
tonnes  on  the  outer  track  of  each  structure. 
A  comparison  of  the  effect  of  these  loads 
is  to  be  made.  On  completion  of  this  phase 
the  weakest  structure  will  1  at  the  end  of 
of  its  life.  Maintenance  work  will  then  he 
carried  oiu  on  providing  a  strengthening 
layer  of  asphalt  concrete  and  the  test 
continued  with  the  "MAINTENANCE" 
phase  consisting  this  time  of  .3  ’()()()'( K  X  > 
passes  of  a  single  11.5  tonne  load. 

Different  parameters  will  be 
measured  and  analysed  throughout  the  tests. 
This  will  be  a  matter  of  measuring 
longitudinal  and  transverse  deformation 
within  and  at  the  base  of  bound  layers 
(asphalt  concrete  and  cement  treated  with 
gravel),  vertical  deformations  and  stresses 
in  the  unbound  layers  (soil  and  sub-base 
gravel)  and  surface  deflections. 

A  particular  type  of  sensor  was 


CHOICE  OF  SENSOR 

The  result  of  inquiries  concerning 
the  measuring  techniques  employed  in  the 
OECD  countries  provided  the  basis  for  our 
choice  of  sensors.  We  arc  also  aware  that 
site  conditions  are  not  always  very 
compatible  with  the  fragile  nature  of  the 
sensors  and  it  is  accordingly  better  to 
multiply  the  number  employed  so  as  to 
ensure  that  despite  losses  it  will  be 
possible  to  measure  each  parameter  in  a 
statistically  valid  way. 

Given  that  only  a  limited 
proportion  of  the  budget  had  been  allowed 
for  the  sensors  we  were  obliged  to  reject 
those  that  were  too  expensive  despite  the 
fact  that  their  principle  of  operation  and 
performance  was  very  acceptable. 

We  decided  to  employ  two 
different  types  of  sensors  for  the 
measurement  of  both  deformation  and 
deflection  in  order  to  guard  against  the 
general  failure  of  one  particular  type  and 
so  as  to  be  able  to  compare  the  results  of 
two  different  set  of  measurement. 


TYPES  OF  SENSOR 
Horizontal  deformation 

These  sensors  are  required  to 
measure  the  horizontal  deformation  within 
a  layer  of  material  during  the  application 
of  a  load.  Strain  gauges  are  employed 
made  up  of  a  thi,  conductor  whose 
electrical  elongation  to  which  it  is  subject. 
The  unit  of  measurement  amounts  to  10*. 

The  Naruo  experiment  confirmed 
the  reliability  of  sensors  in  the  form  of  an 
H  of  which  the  active  part  consists  of  a 
strain  gauge  embedded  in  a  strip  of  plastic. 
Two  aluminium  bars,  one  secures  to  each 
extremity  of  the  gauge  ensure  that  it  is 
properly  anchored  in  the  material.  More 
than  120  of  this  type  of  sensor,  known  as 
the  "Type  1",  were  installed  in  the 
structures  built  on  the  Nantes  test  track. 

A  second  model  known  as 
"Type  2"  was  slights*  different  in  that  the 


Figure  4  Vertical  deformation  sensor 
for  use  in  granular  materials 


Figure  3  Strain  gauge  type  2 


Care  had  to  be  taken  to  ensure 
that  the  aluminium  plate  was  not  too  stiff 
since  it  would  then  have  functioned  as  a 
reinforcing  element  in  the  pavement  layer. 
This  would  have  resulted  in  unrealistically 
low  deformation  measurements. 

Vertical  deformation 

In  the  case  of  granular  materials 
(soil  and  gravel)  we  installed  sensors 
designed  to  measure  the  relative 
displacement  of  two  metal  plates  as  shown 
by  figure  4.  This  displacement  is  sensed  by 
means  of  a  previously  calibrated,  short 
stroke  inductive  detector  (figure  4). 

Surface  deflection 

The  surface  of  pavement  ts 
subjected  to  a  vertical  displacement  as  a 
rolling  load  passes.  The  dynamic 
measurement  of  this  displacement  is 
measured  with  respect  to  a  metal  rod  sunk 
to  a  depth  of  2  to  6  metres  where  it  is 
considered  that  there  can  be  no  vertical 
displacement.  A  sensor  secured  to  the 
surface  layer  of  the  pavement  bears  on  this 
rod.  Two  types  of  sensors  are  employed. 

The  type  1  sensor  consists  of  a 
metal  plate  fixed  to  the  pavement  with  the 
free  extremity  resting  on  the  rod.  hour 


strain  gauges  mounted  on  the  plate  provide 
a  measure  of  the  deflection. 

The  type  2  sensor  differs  in  that  it 
consists  of  an  inductance,  the  iron  core 
being  secured  to  the  rod  and  the  coil  to  the 
pavement. 

Vertical  stresses 

A  miniature  displacement  sensor  is 
mounted  between  two  diaphrams  (figure  5). 
The  output  signal  is  measure  of  the 
effective  displacement  from  which  the  soil 
pressure  can  be  determined  on  referring  to 
calibration  curve. 

Temperature 

Accurate  and  regular  measurement 
of  the  temperature  is  essential.  Most 
models  of  the  reaction  and  performance  of 
pavement  take  account  of  this  parameter. 

About  a  dozen  copper-constantan 
thermo-couples  were  fitted  at  different 
levels  in  each  of  the  structures.  A  complete 
set  of  temperature  readings  are  taken  for 
each  phase  of  measurements  and  during  the 
loading  phases  a  set  of  such  readings  are 
taken  automatically  every  hour. 


Figure  5  Pressure  sensor 


Frost  level 

The  frost  level  is  determined  by 
means  of  a  cryopedometet.  This  consists  of 
a  tube  filled  with  glass  balls  and 
fluoroscein,  the  colour  of  the  latter 
changing  down  to  the  frost  level. 

Ilygrometrv 


The 

level  of  the 

water 

level 

is 

regularly 

checked  by 

means 

of 

a 

piezometer. 

A 

tensiometer  is 

also 

to 

be 

employed 

with  a  view  to 

determine 

the 

degrees  of  saturation  of  the  soil  and  the 
movement  of  water  that  can  take  place 
within  it. 


INSTALLATION  OF  SENSORS 

All  the  sensors  described  above 
were  installed  before  or  during  the 
construction  of  the  pavements. 

The  installation  of  the  sensors  at  the 
interface  between  two  layers  is  a  relatively 
easy  matter  (figure  6).  Precautions  need  to 
be  taken  however  to  ensure  that  the  sensor 
is  m  the  right  position  and  that  it  is 
properly  protected  in  connection  with  the 
circulation  of  road  construction  plant  on  the 
site. 


Figure  6  Installation  of  delormation 
sensors  at  the  base  of  the 
asphalt  layer 


The  installation  of  sensors  within 
the  granular  layers  is  a  more  difficult 
matter  (figure  6).  Having  laid  the  material 
it  is  necessary  to  excavate  a  cavity  and  to 
place  the  sensor  in  the  correct  position 
within  that  cavity  on  making  sure  that  its 
"zero  setting"  has  been  respected.  The 
excavated  material  then  has  to  be  replaced 
on  respecting  the  initial  conditions  as  well 
as  possible.  In  the  case  of  treated  gravel 
this  operation  has  to  be  carried  out  quickly 
so  as  not  to  disturb  the  setting  of  the 
cement  (figure  7) 

INITIAL  RESULTS 

At  the  moment  when  we  are  just 
starting  to  carry  out  the  first  measurements 
we  can  confirm  that  the  sensors  that  have 
been  installed  in  the  structures  are  in  good 
working  order.  The  sensors  have  been 
connected  to  a  new  data  acquisition  system 
which  enables  us  to  obtain  readings  from 
32  of  them  at  a  time. 


CONCLUSIONS 

The  scale  of  the  OECD  experiment 
led  us  to  choose  inexpensive  sensors  of 
known  reliability.  We  were  accordingly 


Figure  7  Installation  of  vertical 
deformation  sensors 


able  to  install  a  large  number  of  them  and 
so  as  to  guard  against  the  possibility  of 
one  particular  type  being  incompatible  with 
the  operating  constraints  of  fatigue  testing 
ring.  The  large  amount  of  data  that  we  will 
be  able  to  acquire  will  also  enable  us  to 
come  to  statistically  significant  conclusions. 
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CASE  STUDIES  IN  APPLICATION  OF  PAVEMENT  INSTRUMENTATION 
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Two  pavement  investigations  have 
been  performed  by  the  U.  S.  Army  Engi¬ 
neer  Waterways  Experiment  Station  which 
involved  the  installation  of  instruments 
to  measure  the  pavement  response  to 
traffic  movement  and  to  the  operation  of 
pavement  nondestructive  testing  (NDT) 
devices. 

One  study  was  initiated  to  develop 
a  transfer  function  correlating  the 
pavement  deflection  under  aircraft 
loading  to  the  deflection  produced  by 
NDT.  Velocity  transducers  were 
installed  in  the  asphalt  surface  course 
of  two  airfield  taxiways  to  measure 
pavement  deflection  beneath  a  moving 
aircraft.  Tests  were  conducted  with  a 
falling  weight  deflect.ometer  (FWD)  at 
the  same  location  to  produce  data  for 
the  development  of  the  transfer  func¬ 
tion. 

The  second  project  involved  a  test 
road  constructed  to  study  the  effects  of 
tire  pressure  on  low-speed,  low-volume 
pavement  design.  Multidepth  deflectom- 
eters  were  placed  to  determine  deflec¬ 
tions  at  various  depths  in  the  pavement 
system.  Strain  gages  were  placed  to 
measure  the  tensile  strain  at  the  bottom 
of  the  asphalt  surface  course.  A 
weather  station  has  been  installed  to 
collect  sundry  environmental  data 
including  the  temperatures  measured  by 
thermistors  at  various  depths  in  the  AC 
surface . 

This  paper  will  discuss  the  types 
of  instrumentation  used  in  each  project 


as  well  as  the  methods  used  in  their 
installation  and  collection  of  the 
data. 


AIRCRAFT  DEFLECTION  TESTING 

This  project  evolved  from  a 
Federal  Aviation  Administration  (FAA) 
request  for  the  development  of  a  trans¬ 
fer  function  correlating  the  pavement- 
deflection  caused  by  a  moving  aircraft 
to  the  deflections  produced  during  NDT. 
The  use  of  NDT  for  pavement  evaluation 
has  become  widespread,  but  no  research 
has  been  performed  which  correlated  NDT 
deflections  to  measured  aircraft 
deflections.  The  aircraft  deflections 
were  produced  by  a  Boeing  727  supplied 
by  the  PAA  and  by  smaller  trainer 
aircraft  furnished  by  the  U.  S.  Navy 
and  Air  Force. 

One  requirement  in  developing  a 
transfer  function  between  the  aircraft 
deflections  and  the  NDT  deflections  is 
a  thorough  knowledge  of  the  pavement 
properties  for  the  intended  test  sec¬ 
tions.  Extensive  subsurface  investiga¬ 
tions  were  performed  for  another  study 
in  1987  on  specific  pavement  sections 
at  both  Sheppard  AFB  in  Wichita  Falls, 
Texas,  and  the  Naval  Air  Station  at 
Pensacola,  Florida.  In  order  to  use 
the  information  gained  from  the  previ¬ 
ously  performed  in  situ  and  laboratory 
tests,  the  asphalt  test  sections  at 


these  sites  were  utilized  in  the  air¬ 
craft  deflection  testing. 

A  Dynatest  FWD  was  used  to  perform 
the  NDT  for  these  tests.  The  FWD  deter¬ 
mines  deflections  using  seven  velocity 
transducers  placed  at  1-foot  increments 
away  from  the  12-inch  loading  plate. 
Desiring  a  similar  deflection  basin  to 
correlate  the  aircraft  deflections  with 
the  NDT  deflections,  the  deflection 
sensor  configuration  shown  in  Figure  1 
was  designed  for  data  collection  using 
the  aircraft's  starboard  main  gear 
loading.  Deflections  were  measured 
using  eight  sensors  oriented  perpendicu¬ 
lar  to  the  direction  of  aircraft  travel. 
One  deflection  sensor  was  positioned  at 
the  center  line  of  the  gear's  two 
wheels.  One  sensor  was  centered  under 
the  starboard  tire,  and  one  sensor  was 
located  at  each  at  the  starboard  tire 
edges.  Four  deflection  sensors  were 
placed  at  1-foot  intervals  away  from  the 
starboard  tire.  Deflection?  were  deter¬ 
mined  in  this  experiment,  with  a  Mark 
Products  L-10B  velocity  transducer, 
which  has  a  natural  frequency  of  H.5  Hz, 
and  was  70  percent  critically  dampened 
using  a  375  ohm  shunt  resistor.  The 
L-10B  has  a  deflection  range  of  80  mils. 
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Figure  1.  Aircraft  Deflection  Sensor 
Conf igura  t ion 

The  transducers  could  not  be  placed 
directly  on  the  pavement  surface  so  the 
gages  were  installed  in  2-.  .ch-diameter 
holes  drilled  approximately  middepth 
into  the  5-inch  asphalt  surface  course 
(Figure  2).  Saw  cuts  were  used  to  con¬ 
tain  the  coaxial  cables  attached  to  the 
transducers  and  guide  them  to  the  data 


collection  equipment.  The  bottom  of 
the  holes  were  leveled  with  a  high 
modulus,  high  strength  epoxy,  and  the 
gages  were  fixed  to  the  hardened  epoxy 
with  a  thin  layer  of  modeling  clay. 
Deflections  greater  than  80  mils  were 
anticipated  directly  under  the  wheel  so 
the  larger  holes  there  were  necessary 
to  accommodate  a  Mark  Products  L-1U 
velocity  transducer  with  a  natural 
frequency  of  H.5  Hz  and  a  deflection 
range  of  100  mils.  It  was  realized 
that  some  elastic  deformation  of  the 
asphalt,  surface  would  be  lost  by  meas¬ 
uring  in  this  manner,  but.  the  amount, 
was  considered  to  be  negligible. 
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Figure  2.  Deflection  Sensor 
Installation 

Two  operational  variables,  the 
speed  of  the  aircraft  and  the  location 
of  the  gear  loading  as  it  passed  over 
the  sensors,  would  affect  the  deflec¬ 
tion  registered  by  the  sensors.  There¬ 
fore,  it  was  necessary  to  measure  these 
variables  as  the  aircraft  passed 
through  the  deflection  test  section. 
Target  aircraft  operating  speeds  of  5, 
12,  and  20  knots  were  used  in  the  data 
collection,  and  the  precise  aircraft 
speed  was  determined  with  infrared 
light,  sensors  placed  sequentially  along 
the  direction  of  aircraft  travel 
(Figure  3).  Opposed  mode  light  sensors 
were  used,  meaning  that,  movement  was 
detected  by  a  separate  transmitter  and 


Figure  3-  Infrared  Light  Sensor  Configuration 


receiver.  The  sensors  were  made  by 
Banner  Engineering  Corporation  and 
detect  objects  using  a  beam  of  infrared 
light  about  1/2  inch  in  diameter  with  a 
detecting  range  between  the  sensors  of 
200  feet.  The  light  sensors  were 
installed  on  adjustable  stands  in  order 
to  detect  the  aircraft  wheel  at  its 
center.  The  transmitters  were  set  up  on 
one  side  of  the  taxiway  and  the 
receivers  on  the  other.  Five  light 
sensors  were  spaced  4-feet.  apart..  The 
data  from  the  series  of  light  sensors 
were  used  to  determine  the  speed  and 
location  of  the  tire  with  respect  to  the 
deflection  sensors.  This  particular 
sensor  produces  a  beam  narrow  enough 
i.hat  the  signal  from  one  transmitter  is 
only  detected  by  its  respective 
receiver. 

The  lateral  location  of  the  gear 
loading  as  it  passed  over  the  deflection 
sensors  was  determined  by  a  strip  of 
flour  and  water  paste  painted  on  the 
downstream  side  of  the  deflection  sen¬ 
sors  (Figure  3).  The  location  of  the 
outboard  tire  was  measured  in  relation 
to  the  first  sensor.  A  measurement  of 
17  inches,  which  is  half  the  spacing  of 
the  727  main  gear,  meant  that  the  gear 
load  was  centered  over  the  first  sensor. 

The  signals  f  'om  the  velocity 
transducers  and  the  infrared  light  sen¬ 
sors  were  recorded  with  two  devices — a 
tape  machine  and  a  computer.  The  direct 
analog  signal  was  recorded  with  a 


14-track  tape  mat-nine  recording  on 
intermediate  band  at  a  tape  speed  of 
3—3/ ^  inches  per  second  and  at  a  maxi¬ 
mum  frequency  response  of  1.25  kHz. 

The  frequency  spectrum  recorded  at  this 
setting  was  0  to  200  Hz,  and  a  14- 
channel  variable  gain  buffer  amplifier 
was  used  tc  record  the  analog  signal 
approaching  the  maximum  deviation  of 
the  tape  machine's  response.  The 
amplifier  was  also  used  tc  prevent 
interference  between  the  tape  machine 
and  the  computer.  The  computer  was 
used  to  digitally  record  the  data  by 
converting  the  signal  through  a 
16-channel  multiplexed  12-bit  A-D 
board.  The  data  were  recorded  at  a 
rate  of  1,000  samples  per  second  per 
channel  with  a  resolution  of  plus  or 
minus  5  millivolts.  Digital  gain  set¬ 
tings  of  1,  2,  4,  and  8  allowed  the 
signal  to  be  amplified  and  recorded  at 
the  A-D  board's  maximum  range  of  plus 
or  minus  10  volts.  The  amplifiers  on 
both  the  tape  machine  and  the  computer 
allowed  us  to  record  the  data  at  the 
maximum  resolution  of  each  recording 
device. 

The  aircraft  weight  was  necessary 
to  correlate  the  aircraft  deflection 
with  the  FVD  deflection  and,  in  partic¬ 
ular.  the  weight  of  the  gear  traf¬ 
ficking  the  deflection  sensors.  Each 
of  the  aircraft  gear  was  weighed  by 
towing  the  727  onto  two  portable  scales 
with  capacities  of  70,000  pounds  each 


(Figure  if).  Ramps  with  no  scales  used 
beneath  the  other  gear  kept  the  lead 
fairly  balanced.  The  total  weight  meas¬ 
ured  with  the  scales  correlated  well 
with  the  aircraft  weight  calculated  by 
the  flight  engineer  so,  as  the  aircraft 
lost  fuel  with  each  successive  pass 
through  the  test  section,  the  flight 
engineer's  calculated  weight  was 
recorded  to  correlate  each  aircraft  run 
with  the  P.-.'F)  data. 


Figure  k.  Scales  Weighing  Aircraft  Main 
Gear 

The  distance  between  the  nose  gear 
and  the  main  gear  is  about  63  feet  so 
the  data  collection  for  each  run  was 
started  just  after  the  nose  gear  had 
passed  through  the  light  sensors.  Data 
collection  for  each  run  lasted  between 
3  and  5  seconds,  depending  on  the  air¬ 
craft's  speed.  After  each  pass  of  the 
aircraft,  the  offset  of  the  outside 
wheel  was  measured  in  relation  to  the 
first  sensor  using  tne  imprint  in  the 
flour  paste  (Figure  5). 

After  three  successful  aircraft  runs 
at  a  given  speed,  the  Dynatest  FWD  gen¬ 
erated  deflections  at  four  load  levels 
between  9  and  25  kins  (Figure  6).  Using 
the  position  of  the  last  aircraft  run 
shown  in  the  flour  paste,  tests  were 
made  at  the  position  of  the  outboard 
tire  and  then  at  the  center  line  of  the 
two  tires.  Tests  were  performed 
directly  adjacent  to  the  in-pavement 
sensors,  and  the  deflection  measurements 
from  each  load  level  were  collected 
simultaneously  with  the  FWD  sensors  and 
the  in-pavement  sensors. 


Figure  5.  Lateral  Measurement  of  Outer 
Wheel  Location 


Figure  6.  FWD  Testing  Adjacent  to  In- 
Pavement.  Sensors 


To  supplement  tne  data  that  were 
collected  using  the  B-727:  tests  were 
also  performed  with  a  Navy  A-H  at. 
Pensacola  and  with  an  Air  Force  T-3d  at 
Sheppard.  These  aircraft  were  towed 
through  the  test  section  at  a  target 
speed  of  about  10  knots. 

Pavement  temperatures  in  the 
asphalt  layer  were  measured  or.  the 
quarter  hour  using  three  thermistors. 
The  thermistors  were  placed  at  the 
midpoint  and  at  1  inch  from  the  top  and 
1  inch  from  the  bottom  of  the  5-inch 
asphalt  surface. 

Unfortunately,  results  from  the 
deflection  testing  are  unavailable  at 
this  time.  The  correlation  between 
actual  aircraft  deflections  and  NDT 
which  will  result  from  the  aircraft 
deflection  testing  will  help  determine 
the  validity  of  current  pavement  eval¬ 
uation  criteria  that  are  used  for 


calculating  allowable  wheel  loads  on 
pavements. 

TIRE  PRESSURE  TEST  ROAD 

The  second  project  which  neces¬ 
sitated  in-pavement  instrumentation 
involved  a  test  road  which  had  been 
built  to  study  low-speed,  low- volume 
pavement  design.  This  facility  has 
15  test  sections  of  various  thicknesses 
of  asphalt  and  granular  surface.  Each 
test  section  has  two  traffic  lanes — one 
for  high-pressure-tireo  truck  traffic 
and  one  for  low-pressure-tii ed  truck 
traffic.  The  two  traffic  lanes  will 
help  determine  whether  low-volume  road 
pavement  thickness  depths  can  be  reduced 
using  decreased  tire  pressures,  Identify 
the  parameters  in  the  tire/road  contact 
that  contribute  to  road  surfacing  dete¬ 
rioration,  and  determine  the  effects  of 
tire  pressure  on  pavement  deterioration 
during  periods  of  weak  subgrade  condi- 
t ions. 

Instruments  being  used  in  the  per¬ 
formance  of  this  testing  are  multidepth 
deflect ometers  (MDDs)  which  are  being 
used  to  measure  the  deflections 
various  depths  in  the  pavement, 


thermistors  placed  in  the  asphalt  sur¬ 
face  to  collect  temperature  data, 
strain  gages  Installed  at  the  base  of 
the  asphalt  layer,  and  a  weather  sta¬ 
tion  that  automatically  collects  vari¬ 
ous  environmental  data. 

Three  of  the  asphalt-surfaced 
sections  of  the  test  road  have  beer 
instrumented  with  various  combinations 
of  MDDs,  strain  gages,  and  thermistors 
(Figure  7).  Section  6  has  a  pavement 
cross  section  of  ?.  inches  of  asphalt 
over  C  inches  of  limestone  aggregate 
and  has  instruments  consisting  01  a 
thermistor  at  the  top  of  the  asphalt 
and  a  strain  gage  at  the  bottom  of  the 
asphalt  in  the  high  pressure  lane. 
Section  10  has  a  cross  section  of 
k  i;  jhes  cf  asphalt  over  k  inches  of 
limestone  base  and  contains  strain 
gages  and  MDDs  in  both  traffic  ianes 
as  well  as  thermistors  at  three  levels 
in  the  AC.  Section  12  has  a  pavement 
consisMng  cf  5  inches  of  asphalt  over 
the  . ubgrade  and  contains  an  HDD  and  a 
strain  gage  in  the  high  pressure  tire 
lane  and  thermistors  at  three  levels  in 
■he  asphalt  surface. 

The  MDD  is  a  series  of  linear 
variable  differential  transformer 
(LVDTl  displacement  transducer  modules 


that  are  installed  in  a  core  hole  to 
measure  deflection  at  various  depths  in 
the  pavement  structure.  Figure  8  shows 
the  basic  components  of  an  MDD  module. 
After  the  core  hole  is  drilled,  a  rubber 
wall  enclosure  is  poured  and  set  to  the 
outside  wall.  An  anchor  rod  is  cemented 
into  the  bottom  of  the  core  hole.  The 
MDD  module  is  fixed,  lowered  into  the 
core  hole,  and  tightened  against  the 
rubber  wall  at  the  desired  depth.  An 
interconnecting  rod  is  connected  to  the 
anchor  rod,  and  the  LVDT  is  calibrated 
for  deflection  measurement.  Successive 
modules  are  placed  and  calibrated  in 
this  manner.  Cable  ducting  along  the 
outside  of  the  module  allows  for  wires 
from  the  LVDT  to  pass  beside  the 
tightened  module  to  the  top  of  the  hole. 


Figure  8.  Components  of  an  MDD  Module 


A  typical  cross  section  of  an  MDD 
installed  in  a  pavement  (Figure  9)  shows 
the  anchor  cemented  at  the  required 
depth.  The  top  of  the  anchor  rod  con¬ 
tains  a  snap  connector  which  allows  for 
the  MDD  modules  to  be  placed  and  removed 
from  the  hole  during  installation  and 
calibration  of  the  LVDT.  After  the 
modules  are  calibrated  and  secured  in 
the  core  hole,  the  cables  from  each  LVDT 
are  connected  to  the  surface  cap.  This 
cap  connects  to  the  flat  connector  cable 
which  is  laid  on  the  pavement  surface 


and  leads  to  the  data  coilection  com¬ 
puter.  The  variability  jf  the  module 
placement  allows  for  deflection  meas¬ 
urements  to  be  taken  at  any  depth  in  a 
given  core  hole.  This  illustration 
shows  MDD  modules  located  in  the  base 
course  and  one  of  the  subbase  courses. 


Figure  9.  Typical  Cross  Section  of  MDD 
after  Installation 


Typical  results  from  the  MDD 
installed  in  Section  10  are  illustrated 
in  Figure  10.  Section  10  has  a  pave¬ 
ment  cross  section  of  U  inches  of 
asphalt  over  inches  of  limestone 
base.  MDD  modules  were  placed  at 
4  inches  (at  the  interface  of  the 
asphalt  and  the  base),  at  10  inches 
(2  inches  into  the  surface  of  the  sub¬ 
grade),  and  at  2H  inches  (16  inches 
into  the  subgrade).  This  graph  shows 
the  effects  of  depth  on  deflection  as 
each  of  the  five  axles  of  the  high- 
pressure-tired  truck  passes  over  the 
MDD.  This  plot  shows  data  with  the 
truck  moving  at  a  little  over  2  miles 
per  hour. 


Figure  11  is  a  plot  of  the  deflec-  created  by  the  FWD  is  detected  by  each 

tion  created  by  an  FWD  operating  at  a  LVDT  with  the  amount  of  deflection 

load  of  9,998  pounds  directly  adjacent  decreasing  as  the  depth  of  the  LVDT  is 

to  the  MDD  in  Section  10.  The  pulse  increased. 
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Figure  10.  MDD  Response  to  FWD  Loading 
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Figure  11.  MDD  Response  to  FWD  Loading 
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The  effects  of  speed  on  the  maximum 
deflection  registered  by  each  LVDT  are 
illustrated  in  Figure  12.  The  data 
shown  are  the  deflections  from  the  first 
loading  axle  of  the  high-pressure-tired 
truck  versus  speed.  As  the  truck  speed 
is  increased,  less  deflection  is  meas¬ 
ured  by  each  of  the  LVDTs.  The  tandem 
tires  of  each  truck  axle  are  carrying 
9,000  pounds.  Also  illustrated  are  the 
maximum  deflections  at  the  three  depths 
created  by  a  9,000-pound  drop  of  the 
FWD.  The  deflection  created  by  the  FWD 
is  markedly  less  than  that  generated  by 
the  truck. 

Figure  13  shows  the  responses  of 
both  the  high-pressure-  and  low- 
pressure-tired  trucks  at  varying  speeds 
on  the  high  pressure  lane  of  Section  10. 
The  deflection  caused  by  the  high- 
pressure-  tired  truck  is  greater  than  the 
low-pressure- tired  truck  at  all  three 
depths.  The  effect  of  decreasing 
deflection  with  increasing  speed  is 
again  illustrated. 

Two-inch  foil-type  strain  gages 
were  installed  on  the  bottom  of  cores 
which  were  taken  from  the  asphalt,  sur¬ 
face  after  its  placement.  The  strip 
gages  were  attached  to  the  core  using 
epoxy.  The  core  was  then  epoxied  back 
into  its  origiral  core  hole  in  the 
asphalt  surface  to  perform  strain  meas¬ 
urements  under  ..raffle. 

The  weather  station  makes  an  hourly 
record  of  the  temperatures  registered  by 
the  thermistors  installed  in  the  AC 
surface  as  well  as  the  air  temperature, 
relative  humidity,  solar  radiation, 
barometric  pressure,  rainfall,  and  wind 
velocity.  The  data  are  recorded  on  a 
microprocessor  contained  in  the  weather 
station.  The  microprocessor  can  then  be 
removed,  and  the  data  transferred  to  a 
computer  for  analysis. 
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Figure  12.  Effect  of  Speed  on  MDD  Maximum  Deflections 
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r','-qui  rer.er.t  is  cf  a  soil  stress  gauge  in 
•  c  have  a  gauge  ral  ibrnticn  that 
:  •  s  no*  change  with  soil  modules.  These 
at1  ‘d  a*  the  r.'-dii iar  ra-  io  be i ween  gauge 
and  sr  i  1  should  exceed  1  ,  thav  The  dia- 
r,r  '  thickness  ratio  should  exceed  5:1 
and  that  *  he  cent  ral  area  only  of  the 
gauge  should  be  sensitive  to  applied  pres¬ 
sure  .  Sri ;  1  stress  gauges  that  satisfy 
these  requirements  have  been  based  or.  a 
piezo- el eo t r ir  art ive  element  (Figure  1  1 


1  avers  ,  and 
i,  much  attention  has 
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Because  of  the  non-1  inear  and  visco- 
el  as  t  i r  na*ure  of  many  road  materials, 

'he  response  cf  a  pavement  to  the  passage 
•if  heavy  whet  1  loads  at  t.he  surface  is  a 
c i  r. p  1  ■  •  x  pr n e ess  n r t  e a s  i  1  y  ° :<p r e s s e d  1 : i 
mathematical  'err:;,  For  t  hes*'  reasons , 
much  attention  has  been  paid  to  *  he 
development  and  use  of  layered  clast ic 
respor.se  models,  ir.  which  only  ‘•he  cl  as¬ 
tir  modulus  and  Poisson's  ratio  for  the 
cons' i t vent  materials  determine  the 
stresses  and  strains  generated.  Tc>  vali- 
da*'  this  appronrh  the  stress  and  /or 
strain  at  particular  levels  in  the  pave¬ 
ment  must  be  measured ;  also,  these 
measurements  must  be  supported  by  an 
understanding  of  the  variation  of  modulus 
of  a  material  wi  •  h ,  for  example,  t  •  •taporn- 
r  urr  or  moisture  content.  Genera  11 y , 
'hose  relationships  '.•.'ill  be  determined 
in  laboratory  conditions  and  the  results 
applies  t  •  -t.  interpret  at  ion  of  tic  m.ea- 

snrt  d  response  t  the  pavement  . 

At  TPR1.  ,  mo:--*  of  t  he  i  ns‘  rur.er.  t  a  t  i  •  m 
cork  has  been  aitt'.ed  at  the  principal 
responses  of  pavement  ,  narr,.|y  suh- 


•"  in  1  •  Sec*  iennl  Elcvat  ion  on  Piezoelectric 
Gauge  -  Mk  I  I  ) 

or  an  inductive  displacement  transducer 
tp l pure  !  .  Ttic  firs*  c-f  these  gauges  has 
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terr.ina*es  '-  '.nr,  be 1 .  .-*•  *!;■■  [„-iv-’rrnt  surface  . 
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datum  r-.d  is  c  mr  bel<  t  he  road  surface . 
Some  judgement  of  ‘l.e  nat  ur*-  of  the  soil 
is  required  that  a  secure  fixing  is 

obtained.  A  strong  cohesive  soil  will 
require  the  datum  rod  to  be  driven  about 
100  -  1  50mm  ( 4  ■  f>m!  into  the  soi  1  , 
whereas  a  more  granular  soil  will  nee(; 
fixing  length  of  100mm  ( 1 0 i n )  or  more. 

Both  the  lining  tube  and  the  da  t  urn  rod  are 
driven  into  place  using  the  dolly  arrange¬ 
ment  shown  in  Figure  R.  To  measure  def¬ 
lections  in  moderately  strong  cohesive 
subgrade,  the  pavement  is  first  drilled 
until  the  subgrade  is  penetrated.  The 
lining  tube  is  then  greased  and  used  to 
bore  a  hole  to  the  datum  level  in  the  soil 
and  finally  to  remain  in  place  as  the 
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accelerat  ed  test  iin-  .  f  pav«-*.-nts  in- 
carried  out  on  pavr-men's  whr-se  *  erpern*  nr4 
at  a  given  depth  is  closely  cent ro 1 1 e  ; . 
This  is  achieved  by  installing  in  1 1 . • 
pavement  many  thermocouples,  the  -I'pu-s 
of  which  are  used  *--  control  infra-red 
hea  t its  .  Copper-eons*  ant  an  *  hernc c<  ■  it  - 1  es 
have  been  used  for  many  years,  because  of 
their  relatively  nigh,  output  fot  the 
temperature  ranges  involved  and  for  * h<  ir 
robust  nature.  In  practice,  duplicate 
thermocouples  are  installed  at  a  given 
level  in  the  pavement  during  cons t rue t i on , 
but  both  sets  invariably  survive  the  <on- 
z  ‘.ruction  process.  Although  it  is  rela¬ 
tively  c uir-bersomo  to  record  the  outputs 
from  thermocouples,  they  are  considered 
preferable  to  less  robust  thermistors. 
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applications  in  controllt.  accelerated 
;  avemer  i.  testing,  monitoring  the  conui  t  ior. 
of  full-scale  in-service  pavements  nnrt  for 
other  experimental  work. 
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ABSTRACT 

In  the  fall  of  1988  and  spring  of 
1989,  forty-eight  pavement  test  sections 
were  constructed  along  State  Route  It  421 
Bypass  near  Siler  City,  North  Carolina, 
twenty-four  sections  in  each  direction 
of  traffic.  Various  stress  and  strain 
gauges,  along  with  other  in  situ  measur¬ 
ing  devices,  were  installed  in  the 
twenty-four  northbound  sections  during 
construction. 

This  paper  describes  the  materials 
and  pavement  layer  thicknesses  composing 
these  pavement  sections,  as  well  as  the 
gauges  and  other  measuring  devices  used 
along  with  their  method  of  installation. 

Ultimately,  the  purpose  of  the  pro¬ 
ject  is  to  provide  pavement  engineers 
with  important,  f i eld-ver i f i ed  infor¬ 
mation  about  the  relationships  between 
pavement  response  (in  terms  of  de¬ 
flections,  stresses  and  strains)  and 
performance  (in  terms  of  roughness, 
fatigue,  etc) . 

Also,  back-calculation  of  moduli  and 
corresponding  calculations  of  theoreti¬ 
cal  stresses  and  strains  will  be  conduc¬ 
ted  using  Falling  Weight  Def lectometer 
load-deflection  data. 

Finally,  these  theoretical  values 
will  be  compared  to  the  measured  values 
to  assess  the  validity  of  mechanistic- 
based  pavement  evaluation  methods  and 
develop  new  pavement  design  and  perfor¬ 
mance  models  for  typical  materials  used 
in  the  North  Carolina  region  as  well  as 
elsewhere. 


INTRODUCTION 

During  the  past  decade  or  two,  pave¬ 
ment  evaluation  and  rehabilitation 
design  methods  have  —  slowly  but  surely 
--  changed  from  being  essentially  em¬ 
pirical  in  nature  to  being  mechanistic, 
or  analytical. 

Formerly  the  approach  was,  in  es¬ 
sence,  if  the  deflection  of  an  existing 
pavement  was  large,  the  pavement  was 
"poor".  Conversely,  if  the  deflection 
was  small,  the  pavement  was  "good".  Em¬ 
pirical  evidence,  generally  speaking, 
supported  this  logical  supposition, 
mitigated  in  the  more  refined  empirical 
approaches  by  considering  the  traff. c 
level  and  even  the  thickness  of  tit 
bound  (asphalt)  layer  in  the  relation 
ships  used  relating  deflection  to  pave 
ment  performance. 

In  fact,  these  empirical  methods  are 
still  in  widespread  use.  An  example  of 
such  an  approach  may  be  found  in 
California  Test  Method  #  356,  outlined 
in  detail  in  Reference  (1). 

The  Benkelman  Beam  was  one  of  the 
deflection  measuring  instruments  in  com¬ 
mon  use  prior  to  the  introduction  of 
vibratory,  and  later  impulse-type ,  load¬ 
ing  devices.  Since  these  latter  devices 
were  capable  of  measuring  the  whole 
deflection  "basin",  through  the  use  of 
multiple  geophones  or  sensors,  it  stands 
to  reason  that  more  "mechanistic"  ap¬ 
proaches  could  be  used  in  lieu  of  the 
traditional  empirical,  "center  deflec- 
tion”-based  approaches  employed  earlier. 
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Many  of  these  new  approaches  consider 
the  whole  deflection  basin  in  an  attempt 
to  treat  pavements  in  much  the  same  way 
as  other  civil  engineering  structures 
are,  ie,  through  the  calculation  of 
moduli  (or  stiffnesses)  and  critical 
stresses  and  strains  under  the  expected 
traffic  loadings. 

Of  course,  the  mechanistic  component 
of  the  new  procedures  still  needs  to  be 
supplemented  by  an  empirical  component, 
ie,  the  relationship (s)  between  critical 
stresses  and  strains  and  actual,  in  situ 
pavement  performance.  Examples  of  the 
use  of  these  mechanistic  approaches  may 
be  found  in  References  (2),  (3)  and  (4). 

The  question  still  remains,  however, 
whether  the  calculated  stresses  and 
strains  using  mechanistic  approaches 
correspond  to  what  actually  occurs  in 
the  field  under  traffic  loads.  If  they 
do,  then  the  mechanistic  approaches 
would  appear  to  be  sound.  If  not,  both 
the  mechanistic  and  empirical  components 
of  the  new  approaches  would  appear  to  be 
in  question,  although  offsetting  errors 
could  very  well  result  in  more  or  less 
"correct"  results  in  terms  of  expected 
pavement  performance  and  resulting 
rehabilitation  design. 

The  question  also  remains  as  to  how 
various  materials  and  pavement  designs 
perform  under  actual  traffic  loadings, 
and  whether  the  same  general,  mechanis¬ 
tic  relationships  may  be  used  in 
evaluating  a  range  of  pavement  types 
subjected  to  essentially  the  same  traf¬ 
fic  loads. 


EXPERIMENTAL  DESIGN 

Based  on  the  needs  arising  from  the 
new,  mechanistic  approaches  to  pavement 
evaluation,  expected  performance  and 
rehabilitation  design  (as  well  as  npw 
pavement  design) ,  the  Federal  Highway 
Administration  and  the  North  Carolina 
Department  of  Transportation  have  now 
initiated  a  full-scale  project  to  inves¬ 
tigate  the  response  and  performance  of  a 
variety  of  typical  pavement  types  used 
in  the  State  of  North  Carolina  and  else¬ 
where.  The  research  project  is  being 
conducted  under  the  leadership  of  Dr 
Paul  Khosla,  Professor  of  Civil  Engin¬ 
eering  at  North  Carolina  State  Univer¬ 
sity. 

In  the  experimental  design  of  the 
project,  it  was  deemed  important  to 


construct  as  wide  a  variety  of  typical 
pavement  sections  as  possible  (though 
limited  to  asphalt-surfaced  pavements) . 
In  addition,  each  design  section  was 
"doubled  up"  in  order  to  obtain  a 
statistical  check  on  the  results  along  a 
different  stretch  of  the  same  highway, 
in  the  same  direction  of  traffic. 

As  a  result,  twelve  pavement  section 
types  were  constructed,  two  of  each  type 
in  two  directions  of  traffic  (having 
different  expected  traffic  loads) ,  for  a 
total  of  forty-eight  sections. 

Typical  Sections 

Typical  pavement  sections  and  a  table 
of  the  actual  design  thicknesses,  etc, 
are  shown  in  Figure  1.  As  can  be  seen, 
all  sections  have  an  asphalt  concrete 
(AC)  surface  course  of  at  least  50  mm  (2 
in).  In  most  sections,  either  a  layer 
of  asphalt  binder  and/or  asphalt-bound 
base  material  underlies  the  AC  surface 
course.  In  others,  a  cement  treated 
base  course  (CTBC)  or  aggregate  base 
course  (ABC)  was  placed  directly  under 
the  50  mm  surface  course  with  no  ad¬ 
ditional  AC.  Some  sections  were 

constructed  with  at  least  two  asphalt- 
bound  layers  in  addition  to  either  ABC 
or  CTBC.  The  subgrade  was  either  com¬ 
pacted  natural  material  (a  sandy  clay), 
or  lime  treated. 

Each  test  section  is  300  m  (1,000  ft) 
or  more  in  length.  The  total  length  of 
the  experimental  project  is  some  12  km 
(7-1/2  miles) . 

Instrumentation 

It  was  decided  that,  near  the  center 
of  each  of  the  twenty-four  northbound 
test  sections,  a  site  would  be  prepared 
during  construction  allowing  for  the 
installation  of  the  following  in  situ 
instrumentation: 

Two  subgrade  pressure  transducers 

Two  subgrade  moisture  cells 

Two  subgrade  thermocouples 

One  base  course  moisture  cell  (ABC  only) 

One  base  course  thermocouple  (ABC  only ) 

Three  asphalt  strain  gauges 

Three  asphalt  thermocouples 

No  instrumentation  was  planned  for  the 
southbound  roadway,  although  the  perfor¬ 
mance  of  these  section?  will  also  be 
monitored . 
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PAVEMENT  SCHEDULE 


DESCRIPTION 


|0|PROP.  APPROX.  I*  BITUMINOUS  CONCRETE  SURFACE  COURSE.  TYPE  1-1.  AT  AN  AVERAGE  RATE  OF  110  LBS.  PER  SQ.  TO. 


@'|PROP.  APPROX.  I  1/2*  BITUMINOUS  COMCfCTE  SURFACE  COURSE.  T YP£  1-1*  AT  AH  AVERAGE  RATE  OF  ifeS  LBS.  PER  SQ.  YD. 


^  PROP.  APPROX.  2*  BlTuulNOuS  CONCRETE  SURFACE  COURSE,  TYPE  1-1.  AT  AN  AVERAGE  RATE  OF  1 10  LBS.  PER  SC.  rO. 
VyilN  Each  Of  TiO  LAYERS. 


•  BITUMINOUS  CONCRETE  BINDER  COURSE.  TyPE  m.  AT  All  AVERAGE  RATE  OF  165  IBS.  PER  SQ.  rC . 


(DjiPROP.  APPROX.  3’  BITUMINOUS  CONCRETE  BINDER  COURSE.  TYPE  H.  AT  AN  AVfRACE  RATE  OF  330  LBS.  PER  SQ.  yD. 


(EjJjpROr.  APPROX,  a*  BITumINOjS  CONCRETE  BASE  COURSE.  Type  MB.  AT  an  AVERACE  RATE  QF  440  LBS.  PER  SC.  TO. 


j0  PROP.  APPRCX.  5  1/2*  BITUMINOUS  CCHCPETE  BASE  COURSE  TYPE  MB.  AT  Ai  AfERACE  RATE  OF  SOS  LBS.  PER  SQ.  YD. 


PROP.  8*  AGGREGATE  BASE  COURSE 


PROP,  p*  ACCRECATE  BASE  COURSE 


0)  PROP.  S  1/2*  CEMENT  TREATED  BASE  COURSE. 


0  PROP.  ?  1/2*  CEMENT  TREATED  BASE  COlRSE 


SUBCRADC  TO  BE  STABILIZED  HIT n  EITHER  LIME  10*  AT  18  LBS.  PER  SQ.  YD.  OR  CEuCnT  (V  AT  40  lBS.  PER  SQ.  YO.) 
AT  LOCATIONS  AS  DIRECTED  BY  ThE  Enci*€ER  . 


SuBGP aDE  TO  BE  STABILIZED  HITh  200  TO  400  LBS  PFR  SC.  YD.  OF  $TaB1l1ZER  AGGREGATE  MIXED  tlTN  THE  TOP  3*  OF 
^  SUBUNAOE  SOIL  AT  LOCATIONS  AS  DIRECTED  BY  THE  ENGINEER. 


0 1  EARTH  MATERIAL 


EXISTING  PAVEMENT 


MOTE.  PAVEMENT  EDGE  SLOPES  ARE  1  .  »  UNLESS  SnOiN  OTHERWISE 
NOTE:  1  inch  «  25.4  nvn  ;  1  lb  -  0.454  kg  ;  1  yd2  -  0.836  m2 


Figure  1.  TYPICAL  PAVEMENT  SECTIONS  AMD  EXPERIMENTAL  DESIGN  OP 
TWENTY-FOUR  TEST  SECTIONS,  NORTH  CAROLINA  TEST  ROAD  (SR  I  421) 


3% 


A  typical  schematic  of  the  placement 
of  the  instrumentation  is  shown  in 

Figure  2. 


NOTE:  1'  =  0.305  m;  1”  =  25.4  non 


Figure  2.  TYPICAL  PLACEMENT  OF 
IN  SITU  PAVEMENT  INSTRUMENTATION 

Please  note,  however,  that  the  place¬ 
ment  of  the  so-called  "subgrade"  gauges 
was  always  made  in  untreated  material  . 
Tn  other  words,  in  cases  where  the  upper 
ISO  .'200  mm  (6-8  in)  of  subgrade  was 
lime  stabilized,  the  subgrade  in¬ 
strumentation  was  placed  about  50  mm  (2 
in)  below  the  treated  upper  layer  of 
siibgrade.  If  the  subgrade  was  unstab.il- 
ized,  the  instrumentation  was  placed 
about  50  mm  below  the  top  of  the  sub¬ 
grade  . 

Similarly,  in  cases  where  more  than 
one  layer  of  asphalt-bound  material  was 
placed,  whether  asphalt  surface,  binder 
or  base,  the  asphalt  strain  gauges  were 
placed  at  the  bottom  of  the  lowest-lying 
layer  of  asphalt-bound  material. 

In  selected  sections,  multi-depth 
clef  hectometers  (MDDs)  will  also  be  in¬ 
stalled  after  completion  of  the  con¬ 
struction  (expected  completion  by  the 
summer  of  1989) . 


SPECIFIC*  T  I  0  H  S 
AMD  INSTALLATION 

Except  for  the  MDDs,  which  will  be 
installed  sometime  during  the  summer  of 
1989,  all  instrumentation  had  been  in¬ 
stalled  in  all  twenty-four  test  sections 
prior  to  March  1989. 

Both  the  soil  pressure  transducers 
and  the  asphalt  strain  gauges  were  fur¬ 
nished  by  Dynatest  Consulting,  Inc. 


These  instruments  were  manufactured  by  a 
Dynatest  subcontractor  }  n  Denmark,  FTC 
ApS.  Their  design  is  based  on  over  20 
years  of  research  at  the  Technical 
University  of  Denmark  in  gauge  design, 
installation  and  direct  experience  with 
a  variety  of  commercial  types  and  new, 
custom-built  gauge  designs.  The  regis¬ 
tration  equipment  for  the  Dynatest 
transducers  was  also  furnished  by  FTC 
ApS. 

The  moisture  cells  were  manufactured 
by  Watermark,  Type  "200-X".  These  cells 
measure,  in  effect,  the  soil  suction 
from  which,  coupled  with  the  temperature 
of  the  soil,  the  moisture  content  can  be 
calculated  from  a  calibration  curve. 
The  resistance  display  unit  for  the 
moisture  cells  is  also  manufactured  by 
Watermark . 

The  thermocouple  wire  was  the  stan¬ 
dard  Type  "T",  cut  to  lenath  according 
to  the  needs  of  the  installation  site. 
The  temperature  display  unit  is  a  "JKT 
Digi-Sense"  type. 

All  installation  was  performed  uy 
Dynatest  personnel,  with  assistant 
personnel  furnished  by  North  Carolina 
State  University. 

gauge  Specif ications 

The  success  of  the  project  will 
primarily  revolve  around  the  efficacy  of 
the  soil  pressure  cells  [for  measuring 
vertical  subgrade  stress]  and  the  as¬ 
phalt  strain  gauges  [for  measuring 
horizontal  strain  at  the  bottom  of  the 
asphal t -bound  layer(s)!.  The  correct 
measurement  of  these  parameters  under 
moving  wheel  loads  has,  in  the  past,  of¬ 
ten  proved  to  be  rathe*-  elusive.  One 
example,  where  asphalt  strains  were 
measured  by  many  different  strain  gauges 
which  produced  widely  divergent  results, 
was  at  the  Nardo  Test  Track  in  Italy 
(see  Reference  5) ■ 

The  Dynatest/FTC  Gauges  were  chosen 
primarily  because  they  are  believed  to 
be  very  reliable,  durable  and  accurate, 
even  under  conditions  of  varying  tem¬ 
perature  and  modulus  of  the  material  in 
which  the  gauges  are  embedded. 

The  soil  pressure  cells,  called  the 
SOFT  (SOil  Pressure  transducer)  series, 
are  designed  for  use  in  both  cohesive 
and  granular  materials.  This  transducer 
type  is  based  on  a  new  design  which 
yields  important  advantages  over  the 
normal  membrane-type  pressure  cells,  in 
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that  the  latter  type  is  generally  non¬ 
linear  with  respect  to  the  modulus  of 
the  soil  medium  as  well  as  its  moisture 
content  and  gradation,  etc.  The  sen¬ 
sitivity  and  linearity  problems  previ¬ 
ously  encountered  with  soil  pressure 
gauges  have  been  virtually  eliminated 
with  the  SOPT  hydraulic  pressure  design, 
which  utilizes  a  thin  membrane  over  the 
entire  cell  area  allowing  the  measure¬ 
ment  of  liquid  pressure. 

O5.o 

ir 


Type 

PTC  -  I 

FTC  -  n 

Range 

10“  200k Pa.  is  3o  pi> 

100  -BOQkPO'tS  uon  | 

Cell  -  material 

Pure  Titanium 

Coating 

Epoxy  and  Sand 

Temperature 

-30  -  IS 0°  C  -22~  300‘F 

Resistance 

4* 350/1  m  full  Weston  Bridge 

Function 

Linear  lor  E  -  modulus 

Output 

Reff  Calibration  chart 

Voltage 

up  10  12V 

Fatigue  -  ti  fe 

More  than  3*10*  cycles 

Service  -life 

>  36  months 

Time  f  Delivery 

**•  3  months 

Fiaure  3.  DYNATEST/FTC 
SOIL  PRESSURE  TRANSDUCER  (SOPT) 

The  SOPT  cells  are  temperature  com¬ 
pensated  for  use  in  the  range  of  -30°  to 
150°C  (-20°  to  300°F) .  The  SOPT  model 
chosen  for  the  present  project  was  the 
one  designed  for  fine  grained  soils  ex¬ 
hibiting  maximum  longevity.  It  is  68  mm 
(2-11/16")  in  diameter,  and  should  per¬ 
form  for  at  least  36  months  or  3,000,000 
cycles,  whichever  comes  first  (see 
Figure  3) . 

The  asphalt  strain  gauges,  called  the 
PAST  (PAvement  Strain  Transducer) 
series,  are  designed  to  measure  hori¬ 
zontal  strains  at  the  bottom  of  either 
flexible  (AC)  or  rigid  (PCC)  pavement 
layers . 

A  PAST  unit  is  an  ”H"-type  precision 
strain  gauge,  some  102  mm  (4  in)  in 
length  and  constructed  using  materials 
with  a  relatively  low  stiffness,  while 


at  the  same  time  exhibiting  very  high 
flexibility  and  strength.  The  gauges 
are  protected  against  mechanical  and 
chemical  deterioration  by  means  of  a 
multi-layer  coating,  allowing  them  to 
perform  in  fatigue  up  to  as  many  as 
100,000,000  loading  cycles  or  16  months 
(whichever  comes  first).  The  tempera¬ 
ture  range  of  the  PAST  series  of  gauges 
is  some  -30°  to  150°C  (-20°  to  300° F )  . 

The  average  modulus  of  the  PAST  cell 
body  is  approximately  2.2  MPa  (20  psi). 
This  insures  a  negligible  influence  on 
the  surrounding  AC  or  PCC  materials, 
resulting  in  accurate,  non-material  or 
-temperature  dependent  measurements 
under  virtually  all  field  conditions. 

The  PAST  gauges  used  in  this  project 
are  shown  in  Figure  4 . 


Specifications 


Type 

FTC  11  A  (asphalt) 

Range 

up  to  1S00  justrom 

Ce>i  -  material 

Epoxy  -  Fi preglass 

Coahng 

Epox y  -  Silicone  -  PF  T  -  Titanium 

Te  mperature 

■  30  ~  ISO*  C  -22~300°F 

Resistance 

120 n  :  10%.  OF, 2.0 

Voltage 

up  to  12  V  (full  bridge ) 

ZE  -modulus 

V  320  OOOpsi  V 2200  MPa 

Sq  -  area 

VO.S  cm1  ft  0076  sg  inch 

Pahgue  -life 

Theoretical  up  to  iO*cycie s 

Service  -  life 

Typical  >36  months 

Strom  force 

ft*),]  ,fi  cv  _  2Clbs 

***  u  1000  jjm/m  WOO  jjstrom 

Time  f  Delivery 

*  3  months 

Figure  4.  DYNATEST/FTC 
PAVEMENT  STRAIN  TRANSDUCER  (PAST) 


Installation  Procedures 


The  gauges  used  in  the  project, 
except  for  the  MDDs  which  will  be 
installed  after  the  pavement  con¬ 
struction  is  completed,  are  normally 
installed  as  construction  progresses. 
Needless  to  say,  this  did  not  occur 
flawlessly  for  all  twenty-four  instru¬ 
mented  test  sections,  given  the 
complexity  of  the  construction  process 
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and  sorjK  ms  nor  (general  ly  short-lived! 
commun  j  ra  t  ion  d  i  f  f  ;  eu  1  !  j  e  s  bit  •  n  the 
General  Cont  ractor ,  the  State  of  North 
Carolina,  North  Carolina  State  Univer¬ 
sity  and  Dvnatest. 

When  tiie  f  ursr  gang-,  s  were  to  be  in¬ 
stalled  in  the  suborade  Imst  after  fine 
grading  of  the  subgrade  layer),  the  con- 
t  ractor  believed  that  the  University  and 
Dynatest  should  h<-  notified  after  place¬ 
ment  of  the  base  itatenals,  not  before. 
Thus  two  of  the  twenty- four  test  sec¬ 
tions  already  had  a  full  f In  rkness  of 
base  pi  ac-.-d  by  the  lire  Pynat  »s?t  and 
No* t h  Carolina  St  at-  University  person¬ 
nel  were  notified  to  carry  out  the  first 
gauge  ’nstaJlat ions. 

One  of  these  two  "lost”  sections  was 
"r- s cued"  by  c i gg i ng  through  ncn- 
con.nact  ed  base  and  placing  the  soil 

pressure.  t  (  Bti  nt  nrp  and  -  m  s  t  n  r  e 
transduce',  s  and  then  repl  acing  the  same 
vr>.'  time  of  has*  mat  er ' al  s  to  t  im-  saute 

(ni'ci.»i:.nactrd)  density.  The  placement  of 
one  of  the  SOP"'  *  s  ansdncers  is  shown  in 

Figure  5.  The  moisture  cell  and  a  ther- 

mocotiD'e  t  1  e  immediately  adiacent  to  the 
soil  pressure  cel]  shown  in  the  picture. 


Figure  5.  INSTALLATION 
OF  SOPT  TRANSDUCER  IN  SUBGRADE 

T h rci»5ir.’.nc!  SOPT  gauges  were 
installed  as  planned,  le,  before  the 
suborade  was  c ov.r-d  and  compacted  by 
subsequent  layers.  Thus  all  but  one  of 
tli.’  twenty-four  sections  now  are 
equipped  with  two  (and  in  one  case, 
three)  installed  SOPT  units,  along  w*Mi 
the  requisite  moisture  and  temperature 
sensors . 

When  if  cam.,  to  t hr  construction  of 
the  asphalt  layers,  essentially  the  same 


difficulties  were  encountered.  The 
contractor  thought  that  the  PAST  trans¬ 
ducers  were  to  be  installed  above  the 
asphal t -bound  base  materials,  instead  of 
below .  Thus  three  of  the  twenty- four 
test  sections  are  now  "lost"  as  far  as 
measuring  asphalt  strain  goes. 


Figure  6.  INSTALLATION 
OF  PAST  TRANSDUCER  BELOW  ASPHALT 

Everything  went  smoothly  and  as 
planned  for  the  remaining  twenty-one 
sections,  where  three  —  and  in  several 
cases  four  --  PAST  gauges  were  installed 
at  the  bottom  of  the  lowest  asphalt- 
bound  layer.  The  placement  of  one  of 
the  PAST  transducers  is  shown  in  Figure 
6.  The  fresh  asphalt  mix  is  subse¬ 
quently  placed  above  the  gauges,  and 
compacted  along  with  the  rest  of  the  as¬ 
phalt  pavement  using  normal  construction 
equipment . 

Install ation  Success  Rat e 

As  far  as  is  known  at  the  present 
time,  all  gauges  installed  are  perform¬ 
ing  properly.  The  final  "verdict", 
though,  will  not  be  known  until  the  as¬ 
phalt  surface  course  is  placed  and  field 
tests  are  conducted  after  traffic  begins 
to  use  the  highway. 

Consequently,  no  measurements  of  ac¬ 
tual  stresses  or  strains  have  been  made 
as  of  yet.  The  thermocouples  and  mois¬ 
ture  cells  all  appeared  to  read  properly 
a  few  weeks  after  installation,  and  all 
SOPT  and  PAST  gauges  were  "zeroed", 
electronically,  as  they  should  be,  in¬ 
dicating  that  they  are  still  functioning 
as  designed. 


Planned  Field  Tests 

Two  types  of  fie]d  tests  are  planned 
after  construction  has  been  completed: 

1.  FWD  Tests 

2.  Moving  Wheel  Load  Tests 

In  addition  to  these  two  types  of 
tests,.  the  traffic  level  (passes  and 
weights)  will  De  monitored  along  the 
highway,  using  state-of-the-art  tech¬ 
nology  of  weign -i n-motion  devices.  Fur¬ 
ther,  the  longitudinal  profile  of  all 
sections  will  be  monitored,  along  with 
rut  depth  measurements  and  periodic  sur¬ 
face  condi  t  ’  or:  c,’c\>eys. 

Moving  wheel  load  tests  wi1!  be 
conducted  at  various  load  levels  arc 
vehicle  'velocities.  For  each  test 
section,  the  current  temperatures  and 
moisture  conditions  will  be  measured  and 
recorded,  and  the  stresses  and  strains 
measured  by  the  SOP?  and  PAST  trans¬ 
ducers  will  be  recorded  for  each  passing 
(test)  wheel  load.  These  tests  wi  •  ’  be 
repeated  for  the  various  seasonal  condi¬ 
tions  encountered  locally,  in  central 
North  Carolina. 


Figure  7.  THE  NORTH  CAROLINA 
DOT’S  DYNATEST  8000  FVD  TEST  SYSTEM 

FWD  tests  will  be  conducted  at  the 
same  time,  at  several  locations  at  or 
near  the  site  of  the  gauge  installation. 
To  successfully  carry  out  FWD  tests  and 
correctly  interpret  the  FWD  Toad- 
deflection  data,  highly  accurate  and 
repeatable  deflections  must  be  measured 
along  the  whole  deflection  basin.  The 
North  Carolina  DOT'S  Dynatest  Model  8000 
FWD  will  be  used  to  achieve  these  aims. 


In  another  paper  publ ished  in  these 
Proceedings,  Richter  and  Irwin  (see 
Reference  6)  have  indicated  that  SHRP's 
Dynatest  8000  FWDs  do  indeed  meet  the 
stringent  criteria  of  +  2  %  systematic 
error  and  +  2  microns  (+  0.04  mils)  ran¬ 
dom  error  (repeatability),  or  better. 
It  is  believed  that  the  North  Carolina 
DOT'S  FWD  is  ideally  suited  to  monitor 
the  structural  condition,  moduli,  etc, 
of  the  twenty-four  test  sections  under 
investigation  in  this  study.  The  North 
Carolina  FWD  is  shown  in  Figure  7. 

It  is  not  anticipated  that  stresses 
and  strains  wifi  be  measured  directly 
ruder  the  influence  of  the  FWD,  since 
the  nl Kcomenr  of  the  FWD  test  load  is  so 
critical  and  the  transduce'--  themselves 
are  not  placed  along  one  vertical  column 
(actually,  they  are  all  separated  by 
about  two  feet,  longitudinally).  Thus  a 
moving  wheel  load  will  invariably  t>=>  =  c 
over  the  gauges  and  the  pear  values  will 
be  monitored  for  all  gauges,  simultane¬ 
ously.  The  stationary  pwd  cannot  per¬ 
form  the  same  concurrent  measurements. 

The  Dynatest  8000  "wn,  on  the  other 
hand,  will  be  used  to  bark-cat culate  the 
mechanistic  properties  of  the  pavement 
section  tie,  moduli  values',  and  apprn- 
pri.ate  sir-  rc?~  and  c*'r,.ins  will  be  cal¬ 
culated  using  these  moduli  values  in 
mn  Tiwrt  ion  wi  rb  the  t rat f ' c-' mposvd 
load  levels  and  wheel  configurations. 
Then,  these  calculated  values  will  be 
compared  with  the  measured  values,  under 
traffic  loads,  to  see  whet  lie  i  the  cor- 
resoond  to  one  another  or  not. 


RESEARCH  OBJECTIVES 

The  main  objective  of  this  research 
project  is  to  develop  mechanistic,  or 
analytical  procedures  and  relationships 
between  stress  and/or  strain  levels  im¬ 
posed  by  traffic  and  pavement  perfor¬ 
mance  in  terms  of  roughness,  rutting  and 
surface  distress,  for  a  variety  of  typi¬ 
cal  North  Carolina  flexible  pavements. 
Further,  the  use  of  the  FWD  m  back- 
calculating  representative  moduli  values 
to  use  in  the  mechanistic  procedures 
will  be  investigated. 

Tt  is  recognized  at  this  point, 
however,  that  many  pitfalls  exist  which 
will  need  to  be  closely  scrutinized  as 
data  is  gathered  and  conclusions  made. 
One  of  the  major  problems  with  back- 
calculation  is  the  fact  that  pavement 
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layers,  especially  unbound  layers,  are 
often  non -linear,  non-homogeneous,  and 
anisotropic.  The  use  of  linear  elastic 
theory  in  back-calculation,  therefore, 
may  result  in  significant  errors  in  the 
resulting  moduli. 

Furthermore,  it  is  by  no  means 
certain  that  elastic  layered  theory, 
even  if  allowances  are  made  for  non¬ 
homogeneity,  anisotropy  and  non¬ 
linearity,  is  valid  for  all  types  of 
pavements.  Elastic  theory  assumes  that 
pavement  layers  behave  "elastically",  in 
all  directions,  whether  the  materials 
are  in  tension  or  compression.  ror 
bound  materials  which  are  uncracked, 
this  may  indeed  hold  true,  but  what 
about  granular  bases  or  sandy  soils?  If 
elastic  theory  does  not  hold  true,  what 
kind  of  mechanistic  approach  can  be 
proposed  instead?  These  are  questions 
which  this  research  project  also  hopes 
to  answer,  one  way  or  the  other. 

Field  measurements  should  begin  by 
the  Summer  of  1989.  Subsequently,  more 
published  reports  on  the  outcome  of  the 
study  will  be  forthcoming,  as  data  is 
gathered  and  conclusions  drawn. 
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